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ABSTRACT 

Enantioselective propionate alkylation, as a method 

to control acyclic methyl~bearing stereocenters, is 

achieved via the diastereoselective alkylation of chiral 

propionamide enolates. The factors which control stereo

selective enolization, diastereotopic differentiation of 

the enolate system, and selective cleavage of the chiral 

auxiliary are discussed. The application to the prep

aration of simple chiral carboxylic acids proceeds with 

the highest optical yields yet reported. 
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The recognition of the often diverse biological 

activity of enantiomeric molecules and the need for 

control of relative stereochemistry between remote 

subunits in a convergent total synthesis have made 

techniques for the control of absolute configuration in 

the construction of asymmetric stereocenters a major 

objective in organic synthesis. 1 In light of the 

striking biological activity and beautiful molecular 

structure of the propionate derived macrolide and poly

ether ionophoric antibiotics 2 (Figure 1), we have focused 

our attention on the development of highly stereoselective 

carbon-carbon bond forming reactions. If available, induced 

enantioselection in the reactions of acyclic enolates 

would permit, in a manner independent of the acyclic 

stereochemical complexity present in the rest of the 

target structure, a very simple approach toward the 

construction of both the carbon framework and the 

absolute stereochemistry of a given stereocenter in 

a single chemical process. 

The problem of enantioselective alkylation or aldol 

condensation of an enolate can be approached in terms 

of the diastereoselective reaction of a chiral propionate 

enolate. This approach presents three independent problems 



0 
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which contribute equally to the overall success of the 

asymmetric process. This requires as illustrated in 

Scheme I: a) High stereoselection in the enolization 

process to yield one enolate geometry; b) Orientation 

of the chirality in the auxiliary to provide high 

diastereotopic face discrimination of the enolate 

system toward electrophilic reagents; and c)Selective 

cleavage of the chiral auxiliary without loss of stereo

chemistry at the newly formed stereocenter. A viable 

Scheme I 
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.. ® CH3'1' .. 
El 

EI• 

® 
0 

Xe 

.. CH3~ 
: Xe 

El 

!@ 
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application of this approach to the total synthesis of 

molecules with numerous asymmetric centers necessitates 

coupling these three highly selective chemical processes 

to give an overall selection on the order of 95:5 for 

the construction of each individual stereocenter. 

This is particularly challenging considering the 

energetics of competing similar reaction pathways. 

In a very simple approximation, as the desired ratio of 

reaction products increases from 50:50 to 99:1, the 

requisite difference in transition state free energies 

(L).~G ~ for the competing pathways increases in an 

exponential manner. For example, a L).t:,G =f of about 1 kcal/ 

mole, reflected in a 90:10 product distrubition, must be 

roughly doubled to achieve 99:1 product selection (Figure 

2). Although the absblute nagnitude of this difference is 

still quite small, it poses significant design problems 

for the engineering of high selectivity from bimolecular 

reactions where the reacting center is not constrained 

in a ring. 

In spite of the fact that a good deal of work has 

been directed toward enantioselecti ve alkylations, and 

a number of fundamental contributions toward understand-

ing this process have been made, a practical solution 

to the problems discussed above has yet to be reported 

(Appendix I). l, 3- 5 This paper describes, in full detail, our 
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design notations and mechanistic understanding in the 

investigation of diastereoselective amide alkylation. The 

prolinol derived propionamide enolates represent a method 

for the construction of asymmetric methyl-bearing stereo

centers in high enantiomeric purity. 

II. Results and Discussion 

A. Stereoselective Enolization. The nature of the 

strong base mediated enolization reaction has been of 

central interest as it correlates with stereochemical 
7 8 consequences of a number of rearrangements, aldol, and 

alkylation reactions. 9 Of these reaction classes, only 

the aldol process has so far shown promise for high 

reaction diastereoselection independent of enolate 

geometry. 10 In spite of its crucial role, stereoselective 

. . d d . . . 8, 11 enolizat1on 1s un erstoo only 1n an emp1r1cal way. 

Thus, as the acyl substituent R is made more sterically 

demanding from 0-tert-butyl to tert-butyl, the percentage 

of cis enolate increases smoothly from 5 to >98% (Table 

1, Entries A-D). 12 , 13 

Recalling the overall goal in stereoselection, it 

was anticipated that dialkyl amides should show the 

same requisite high selectivity as propiophenone (>98:2, 



Table 1. 

Entry R 

A O-!-C4H9 

B c2H5 

C j_-C3H7 

D !-C4H9 

E 

F 

G 

C6H5 

0-t-C4H9 

C2H5 

LOA 
SOLVENT 

Solvent 

THF 

THF 

THF 

THF 

THF 

HMPA-THF 

HMPA-THF 

-8-

Trans 

95 
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40 

<2 

<2 

23 

5 

~nalysis of the 0-silyl derivatives. 

95 

N 
/NR 2 R2 N......._ /Li 

N 

Me~H LOA H+H ... + 
THF 

Me 

>95 

+ 

Cis 

5 

30 

60 

98 

98 

77 

95 

5 

/NR 2 
N Me+H 

H 
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Entry E), perhaps due to a developing A1 3 strain 
' 

disfavoring the T.S. leading to the trans enolate (eq 1). 

Two conflicting reports have appeared with regard to this 

question (eq 2). Heathcock11 reported the silylation of 

diisopropyl propionamide to give an 19:81 mixture (2a, 

4.05 ppm; ~~' 4.38 ppm) by integration of the vinyl 

BASE 

FAVORED 

H 

~ ,,,,R' 
O~N'R 
H CH3 

BASE 

DISFAVORED 

l 

M, 
0 

H3C~NR2 
H 
cis 

Irons 

( I ) 

proton signals in the NMR spectrum. 14 In contrast, Rathke 

reported a single vinyl resonance for 3b at 3.4 ppm. 

For the corresponding dimethyl amide, he reported no 

difference in chemical shift of the vinyl proton for 

either the trimethyl silyl (TMS) or tert-butyldimethyl

silyl (TBS) ether. 

In studies directed toward resolving this question, 

we have examined, using both direct observation and 

silylation, the enolization of simple achiral propion-
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0 ox ox 
I) BASE H3C~ H+NR2 H3C+ ... + ( 2) NR2 2) x~ NR2 

CH 3 

2 

a, 
b, 
c, 

R= i-Pr 

R= i-Pr 
R= Et 

H 

3 

X=TBS 
X=TMS 
X=TBS 

amides as models for the prolinol derived systems. 

Deprotonation of 13C-labeled pyrollidylamide 4 (eq 3) with 

lithium diisopropylamide (LDA) in tetrahydrofuran (THF) 

gave rise to a single discernable methyl resonance in 

the 13c NMR spectrum (11.7 ppm, Figure 3). Treatment with 

LDA in 10% hexamethylphoramide (HMPA) in THF, conditions 

Oli 
0 Oli 

Hi'o H5"C~o H ''C'/ • .. 3 7 0 
H 

trans 4 cis 

which generally favor increased formation of the cis 

enolate (Table 1, Entries F, G), 7 , 11 affords the same 

single methyl resonance, now at 12.3 ppm due to 

solvation effects. Attempts to generate an authentic 

mixture of enolates under equilibrating conditions with 

excess propionamide or potassium hexamethyldisilylazide 

( 3) 



A. 

B. 

c. 

-11,... 

24.4 5.4 ppm 

I 
I 

jjJ)..._.;w'-....... J.)l,_L ______ _ 

~, .. _ .... M•' 

Fisure 3. 13C NMR CTHF) of pyrollidylpropionamide enolates. 
-- -Base-employed was: a) LDA; b) LDA/HMPA; c) sec~BuLi. 
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(HMDS) as the base, failed to provide unambiguous 

evidence for a second enolate. Enolization using sec-

butyllithium,under conditions which show the lowest 

enolate geometry selectivity with Meyer's chiral 

1 . g . . t . l 3c . oxazo 1nes, gives rise o a minor -resonance 1n a 

region consistent with the second enolate isomer 

(10 . 4 ppm, Figure 3). 

Treatment of diethylpropionamide C!:) with LDA or 

sec-butyllithium in THF followed by addition of tert

butyldimethylsilyl chloride yielded, in addition to the 

minor carbon-silylated by-product which was virtually 

eliminated by addition of HMPA prior to silylation, the 

1 TBS-enol ether (eq 2). The 90 MHz H NMR spectrum showed a 

single downfield quartet (3.52 ppm) due to the vinyl proton. 

Examination of these. products by 1H NMR at 500 MHz 

revealed, in the case of ~~butyllithium enolization, two 

overlapping quartets (3.539 and 3.534 ppm) for the 

vinyl protons and two overlapping doublets (1.451 and 

1.445 ppm) for the vinyl methyl protons of TBS-ethers 

2c and 3c. The product from LDA enolization exhibited a 

single set of signals (Figure 4; a,b). The overlapping 

signals are indeed surprising in light of the reported 

chemical shift of 3.90 ppm for the vinyl proton of the 

TMS-enol ether derived from N-methyl-o-valerolactam, 

which is constrained to be trans. 14 This may reflect 



A. -13-

- ·· 

B. 

__) 

c. 

E!gyr~-~-· 500 MHz 1 H NMR (CCl4) of the vinyl quartet (10 Hz/ 
cm) and methyl doublet of silyl enol ethers 2c and 3c. 
A. Enolization with LDA. B. Enolization wfth sec~butyl
lithium. C. Equilibration of mixture B with pyridTnium 
tosylate. 
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the different conformations available to the acyclic 

system and points out the potential danger in invoking 

stereochemical assignments purely on the basis of 

spectroscopic analogy. Attempts to prepare an authentic 

mixture of silyl encl ethers by addition of tert-butyl

dimethylsilanol across l~diethylaminopropyne gave only 

the disilyloxane resulting from dehydration. 15 

It is important to note that in some cases not only the 

sense, but also the degree of asymmetric induction is 

critically dependent on which enolate geometry is obtained. 9 

In our case, determining the correct assignment of cis 

or trans amide enolate geometry will be crucial to a 

mechanistic understanding of diastereoselective alkylation 

in the chiral enolates. Previous assignments of enolate 

geometry have been made by: 1) Spectroscopic analogy 

to aldehyde and endocyclic enol ethers; 2) Inference 

from the stereochemical results of aldol condensations 

and sigmatropic rearrangements assuming a pseudo-chair 

pericyclic transition state; and 3) Thermodynamic 

considerations. 

As illustrated in Scheme II, Ireland7 reported the 

enolate Claisen rearrangement to have strikingly 

different stereochemical results dependent on enoliza-

tion conditions. Assuming a chair-like transition 

state, the enolate geometry formed in the presence of 
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HMPA must have been cis~ The same enolate geometry 

was obtained under the described conditions from 3-

pentanone,which had been assigned earlier by House 

(Table 1). 16 Recent work by Meyers 17 and Heathcock18 

provides corroborating evidence for the claims of enolate 

geometry by an independent test. Assuming now aldol 

diastereoselection to reflect the steric constraints 

of a chair-like transition state, the observation of three 

diastereoselection in the aldol condensation of certain 

esters implicates the intermediacy of the expected 

trans enolate (Scheme II). 

In the case of amides, little substantiated literature 

data is available on the stereochemistry of strong base 

enolization. Predominantly cis enolate geometry has 

been assigned in analogy to propiophenone; the 

subsequent aldol condensation is in this case non-selective 

(eq 4). 11 Studies on the Claisen rearran~ement 

I l LOA 

2) PhCHO 

O OH 

<1-Pr>2NVPh 

CH 3 

63 

O OH 

+ <.L-Prl2N0 Ph (4) 

CH 3 

37 
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suggest the cis enolate derivative to be at least 

thermodynamically favored. Assuming a chair-like 

transition state, rearrangement from an amide acetal 

to give 95% erythro product must proceed through a cis 

ketene acetal (Scheme III). 19 Direct conversion of 

allylic alcohol to ketene acetal by reaction with an 

ynamine, however, proceeds via a different course (eq 5). 

Addition of alcohol to a dilute refluxing solution of 

ynamine traps the apparently kinetic trans ketene acetal, 

resulting from net cis-1,2-addition across the triple bond, 

affording predominantly the three product (Scheme III). In 

the presence of higher concentration of alcohol or 

acid catalysis, rearrangement via the thermodynamic cis 

acetal is observed and the erythro product is almost 

exclusively obtained (eq 5).
20 

I 
.. H3CKNR2 

H OR' 

b 

Irons 

( 5) 
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Scheme III 

-EtOH 

cis 
95% ERYTHRO 

HO~CH3 

... 

trans 65% THREO 
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Enolization of thioamides under a variety of kinetic 

conditions has been the subject of conflicting reports by 

Y h "d 21,22 OS 1 a. Evidence for both cis and trans thioether 

intermediates in [3,3]-rearrangements has been presented 

(Scheme IV). Again, mild acid or heating is claimed to 

·1-·b h 1 f" d . 1 . 21 equ1 1 rate t e o e 1n geometry to pre om1nant y c1s. 

Scheme IV 

Q 
s 

CJ~ 

Q 
sVR ~R I) s-Buli -30°C s 
I s 2) 12 S~R R 

s 
'N~ 

I 

0 

• 

R= Et 
=Me 

LJ 
92% d,l 
70% d,1 
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The assignment of enolate geometry, obtained in our amide 

deprotonation studies discribed above, was made as follows. 

Treatment of the presuMed mixture of enol ethers 2c and 
--

3c from the sec-butyllithium reaction with a catalytic amount -- · ~-

of pyridinium tosylate shows an apparent equilibration 

of the minor component to the same enol ether produced 

by LDA deprotonation (Figure 4; C). This permits on 

the basis of thermodynamic considerations (eq 5) and 

in analogy to the work described above, assignment of 

the ais stereochemistry to amide enolization. 

B. Preparative Results. With a reasonable con-

firmation of both the sense and degree of stereoselection 

in the enolization step of the asymmetric alkylation 

problem, we turned our attention to developing a practical 

chiral propionamide which would show high diastereoface 

discrimination. Toward that end we have examined the 

alkylation of prolinol derived amides.Sa The hygroscopic 

hydroxy-amides 6 were conveniently prepared by acylation 

of (1)~~rolinol with the appropriate anhydride (eq 6, 65°C, 

neat, 10 min, 90%) and were purified and dried by bulb

to-bulb distillation under reduced pressure just prior 

to use. The amino alcohol is available in high optical 

purity from commercial sources or from borane reduction 
23 of the proline-BF3 complex. 

High dilution infrared studies and 13c NMR indicated 

amide 6 existed in primarily the hydrogen-bonded amide 

rotomer ~-syn (Figure 5). These important observations (eq 7) 



A. 

B. 

c. 

" 100 . 

i 
! 
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·1 

High dilution IR spectra of hydroxyamide Q 
A) c = 0.1 M, i = 2.0 mm. B) c = 0.066 ~' 

C)-£ = O.OL ~~ ~ = 4.0 mm. 
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+ 

6a R= CH 3 

b R=CH2CH 3 

H 

0 J6 ~N( ( 7) 

OH 

6-ANTI 6-SYN 

provided encouragement that the pendant hydroxyl could 

be used via a seven-membered ring chelate 7 to orient 

the relatively rigid pyrrolidine ring of the chiral 

auxili~ry for a distinct diastereotopic facial bias. 

The hydroxyl moiety provides a unique degree of 

flexibility in the design and exploitation of this 

chelation control concept for restricting transition 

state geometry in a conformationally mobile system 

(Scheme V).z 4a,b This approach to the control of 

acyclic stereochemistry issues a striking alternative 

to the use of preformed carbo- or in some cases 

heterocycles to direct the desired bond construction 

(6) 

followed in subsequent steps by the destruction of that 

ring.z 4c,d Thus the initial criteria for high diastereo-
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Scheme V 
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selection represent a fine balance in delicate equilibria 

controlled by: 1) the use of prolinol derived amides to 

ensure one enolate geometry; 2) The use of chelation 

to limit rotation about the C-N bond; 3) The reaction 

of that single rotomer through primarily one conforma

tion; and 4) The effective bias of that conformation 

to induce reaction from only one side of the enolate 

system. 

Deprotonation of rigorously dried amide derivatives 

6 proceeds smoothly with LDA in THF (20 min) at room 

temperature or below (-78°C). For convenience, ambient 

temperatures are most commonly employed. This is in 

contrast to published reportsSa,c of extended reaction 

times and substantial excesses of strong base, which may 

reflect the hygroscopic nature of these amides. 

Alkylation proceeds with a variety of alkyl halides 

under conditions optimized for each pair of substrates. 

In all experiments, the primary means of diastereomer 

analysis (~:~) was carried out by gas chromatographic 

separation. This analytical method proved to be 

invaluable in determining, typically with a high degree 

of precision, the efficiency of asymmetric induction 

during enolate alkylation. This made possible the 

systematic investigation and optimization of a 

variety of subtle effects which can contribute, often 
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unpredictably, to the overall diastereoselection. 

These diastereomer ratios and the optical purity of 

the chiral carboxylic acids derived via hydrolysis, 

vide infra, show good agreement as to the enantiomeric 

purity of the newly formed center. 

The preparation of simple chiral carboxamides 

which may serve as useful subunits for further elabora-

tion in asymmetric synthesis, are summarized in Table 2. The 

~-configuration is obtained at the newly formed center by 

alkylation of the propionamide derived from (S)-prolinol. 

Of particular note are the selectivities (~:~, >25:1) 

observed in Entries D-H. The y,o~unsaturated amide 

(Entry H) should find utility as a · precursor to a 

variety of further oxidized species (eq 8). The success of 

Q. 0 

R~X 
CH3 

0 

R~X 
0 -

CH3 

the iso-butyl type electrophiles ·(Table 2, Entries D-G) 

carry obvious implications for the construction of 

chiral 1,3-methyl-substituted stereocenters prevalent 

in macrolide and ionophoric antibiotics (Figure 1). 

For example, the partial retrosynthetic analysis of a 

( 8) 
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number of complex natural products in Scheme VI points 

out the utility of the bond construction exemplified 

by Entries D and E. 

The utility of chiral amides depends on their facile 

conversion to other carbonyl derivatives. Reports of 

amide hydrolysis without appreciable epimerization 

suggested prolinol derived amides would find general 

utility (eqs 9-10). 25 The results summarized in Table 

cone. HCI 

24h, REFLUX 

R:S, 86: 14 

87.6:12.4 

( 9) 

R:S, 86: 14 

0 

Ph~OH 
CH 3 

87.2:12.8 

(IQ) 

2 confirm this suggestion. For example, starting with 

a diastereomer ratio (~:~) of 87.6:12.4 (Entry I, eq 10) 

hydrolysis (lN HCl, 100°C, 2 h) yields the corresponding 

benzyl propionic acid (92%) as an 87.2:12.8 mixture of 

enantiomers judged by optical rotation. The butenoic 

acid prepared in Entry H has been further analyzed by 
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conversion to the alkyl iodide and subsequent alkylation. 

Analysis of the new diastereomeric mixture at c 4 , by gas 

chromatography (Entry G) places an upper limit of <2% 

loss in stereochemistry due to either optical impurity 

in the starting amide or epimerization during hydrolysis, 

reduction and conversion to the iddide. The preparation 

of optically active 2-methyl-hexanoic acid permits 

direct comparison of this work to existing asymmetric 

alkylations. Butyl iodide alkylation of a chiral oxazoline 

yields acid with a rotation, fa]D, of +14.1°.sh Reaction 

of the magnesium enolate of an ephedrine. derived amide 5c 

gave -14.5° while the present preparation shows a 

significantly higher rotation of -16.7° (Entry B). Of 

the common chiral propionate substrates for asymmetric 

alkylation, the prolinol-derived amides are of the 

lowest molecular weight giving them a very practical 

edge in ease of handling and application. 

It was anticipated that the hydroxyl moiety, in 

addition to enolate chelation, would perform a crucial 

role to facilitate amide hydrolysis via acid catalyzed 

N ~ O acyl transfer (Scheme VII). 26 Analysis of the 

reaction products after refluxing amide 12 in lN HCl 

(2 h) revealed only minor amounts of carboxylic acid 

or starting amide. Careful neutralization followed by 

rapid extraction yields the major component which shows 
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replacement of the amide carbonyl absorbance (1600 cm- 1) 

with a new band at 1720 cm-l consistent with amino 

ester 11. Upon standing at room temperature, !l slowly 

reverts back to the starting prolinol amide by 0 + N 

acyl transfer (Figure 6). The rate of acyl transfer 

is markedly dependent on amide structure. The acetyl 

derivative ~ (R1 = H), unlike the more substituted 

amides, shows an apparent amide + ester equilibration 

upon standing. Basification of the crude acidic 

hydrolysis mixture followed by reacidification gives 

a good yield of carboxylic acid, perhaps by an internally 

assisted base catalyzed hydrolysis of~! (Scheme VII). 27 

Competitive hydrolysis experiments demonstrate a 

significant rate acceleration due to the hydroxyl 

substituent. Hydroxyamide !2' in direct contrast to the 

a-methyl analogue (Table 2, Entry H), has been the 

least successful hydrolysis substrate both in terms of 

the slowest rate and a major side reaction to give y

lactone via olefin hydration. In spite of this,hydroxy

amide 13 shows at least a ten·fold initial rate enhance -

ment relative to methoxyamide 14 where acyl transfer has 

been precluded (eq 11). 



A. 

B. 

c. 

D. 

E!gyr~_§. Hydrolysis experiments. A. Starting amide !i~. 
B. After refluxing in 1.0 N HCl (2 h). C. Partial thermal 
equilibration of ester !!~ to amide !~e· D. After reflux
ing amide !~~ in 1.0 ~ HCl (2 h). · 
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0 0 

:YN( ~OH 
H3 C 

OH 
13 

H3 0+ >IQ 
+ ... --

I 

0 0 

~N( ~OH 
CH3 

OCH3 
14 

C. Optimizatio~ of Dianion Alkylation Conditions. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

The ionic character of the metal enolate bond, the 

solubility, and the state of aggregation in solution 

might all effect the eventual stereochemical outcome 

of the alkylation reaction. The transition state bond 

distance, which in turn reflects the magnitude of the 

non-bonded interactions that will presumably determine 

the degree of enolate side differentiation, depends on 

the steric and electronic nature of both enolate and 

( 11 ) 

electrophile. It can be expected from these considera

tions that the delicate series of equilibria which must 
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be accommodated to achieve highly diastereoselective 

alkylation will be critically dependent on the reaction 

conditions (eq 12). A fluctional nature and many degrees 

of freedom are available to these acyclic systems. In 

direct contrast to other processes (i.e. aldol, cyclo

addi tions, carbonyl additions, etc.), the lack of a 

well defined transition state drastically lowers the 

capabilities for a pri6ri predictions. This, combined 

with the relatively large number of experimental variables, 

vide infra, and the difficulty in analysis poses a very 

challenging problem in optimizing the precise combination 

of reaction conditions to yield the desired diastereo

selection. The complexity of the problem was borne out 

in the laboratory; and initially, reaction conditions had 

to be optimized for ·each pair of substrates. After a 

good deal of experimentation, however, some empirical 

correlations and generalizations were made. 

0 ~H20H 
0 ~H20H O ~H20H 

R,v)l_~~ I) BASE R,Y'Q R,~o 
2) El+ + - N 

El E:1 
IS R1=CH 3 8 9 
16 R1= CH2CH3 

( 12) 
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As summarized in Table 3, diastereoselection as 

demonstrated by the alkylation of !~ with ethyl iodide (eq 12) 

is relatively independent, within the accuracy of this 

analysis, of the lithium base or enolization temperature 

employed. This is particularly surprising in the case of 

sec-butyllithium deprotonation (Table 3, Entry H) which 

should give a mixture of enolate geometries in analogy 

to our model studies. In contrast to our initial pro

jections, prolinol derived amides seem to represent the 

first class of chiral propionate equivalents which 

alkylate with the same sense of asymmetric induction 
9 10 regardless of enolate geometry. ' Enolization in the 

absence of lithium cations (Table 3, Entry K) gives an 

intermediate which alkylates stereorandomly, suggest~ng 

in light of the apparent enolate geometry independence, 

the crucial role of metal counterion size and Lewis 

acidity in orienting the chiral auxiliary via chelation 

(vide infra). 

It has been well documented that the solubility, 

ionic characte~ and degree of solution aggregation of 

metal enolates is highly dependent on the solvating 

d
. 28 me 1um. These effects can be expected to greatly 

influence the observed asymmetric induction. The 

results summarized in Table 4 show empirically this to 

be the casee Reaction in THF or solvent mixtures with 
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I~Q!~-~· Effect of Enolization Conditions on the Diastereo
selectivity of Ethyl Iodide Alkylation (eq 12). 

Metallation 
Entry Conditions (hrs)a 

A LDA/-78°C (0.3) 

B LDA/ - 7 8 ° -+ 0 ° C (0. 7) 

c LDA/25°C (0.5) 

D LDA/25°C (0.7) 

E LDA/25°C (0.7) 

F LDA/25° -+ 65°C (2) 

G LDA/10% HMPA/25°C (0.3) 

H !-BuLi/-78°C (0.1) 

I !-BuLi/-78° -+ 25°C (1) 

J KDA/0°C (0.2)d 

K K HMDS/65°C (2)~ 

Alkylation 
Conditions (hrs) 

.. 73°c (7) 

... 7go-+ 25°C 

.. 7g 0 c (4) 

25°C 

5% HMPA/25°C 

25°C 

10% HMPA/25°C 

-78° -+ 25°C 

-78° -+ 25°C 

25°C 

25°C 

92:8 

88:12 

94:6c 

92:8 

90:10 

89:11 

93:7 

92:8 

86:14 

92:8£ 

49: 51~ 

!All reactions run in THF. b Ratio (~:~; Et = CH 2CH3) 
determined by integration of peak area on gas chromatography 
(1/ 8" SS 10' Carbowax 2 OM) . Averaged value ± 3%. cReaction 

<50% complete. ~Prepared by reaction of !-BuOK, n-BuLi 
and C!-Pr) 2NH. ~Prepared by reaction of KH with (TMS) 2NH. 

HMPA appears to be generally applicable. Alkylations 

performed in ether or dimethoxyethane (DME) show much 

lower selectivity than the corresponding reactions per-

formed in THF or THF-HMPA mixtures (Table 4, Entries A vs B; 
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C vs F; G vs H). 

A study of a variety of electrophiles shows a marked 

effect on the nature of the leaving group. For a given 

alkyl moiety, iodides are optimal. Tosylates or bromides 

are much less satisfactory (Table 5, Entries C, G, I, K, 

M)e Methyl tosylate reacts with a selectivity of <5:1 

as compared to methyl iodide where the selectivity is 

>15:1 (Entry A). Dimethyl sulfate, which was the optimal 

reagent found for chiral oxazoline alkylation, again is 

less satisfactory ~ 7:1, Entry B). Similarly, the 

observed selectivities of 3-butenyl bromide and iso-

butyl brom~de are less than half that of the iodides 

under the identical reaction conditions (Entries, G. H, 

K, L). The origin of the very subtle transition state 

changes which must account for such altered selectivity 

is open only to speculation, however these observations 

quite dramatically point out the difficulty in under

standing acyclic stereoselection. In the case of benzylic 

halides, bromides appear to be optimal. Perhaps this 

indicates that high diastereoselection depends more on a 

certain reactivity level rather than the necessity for a 

particular leaving group. This interpretation is, 

however, based only on the class of electrophiles which 

shows an atypically poor performance in the chiral 

amide alkylation, both in terms of selectivity and 
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-41-

reproducibility, possibly reflecting spurious reaction 

pathways. 

A systematic survey of metal counterion effects 

in the alkylation of dianion !Z produces some interest-

ing results (eq 13). The magnesium enolates (Table 6, Entries 

A-G) show both low reactivity and low selectivity (<3:1). 

Solvent effects are important with ether (Table 6, 

Entry F), again showing the lowest selectivity. It 

is interesting to note that the magnesium enolate is 

reported as optimal in the alkylation of ephedrine 

derived amides (Appendix I)~c~dThe topology of the two 

systems might well be quite different, particularly 

due to the presence of the pyrrolidine ring in the 

prolinol derived amides which should significantly 

serve to rigidify this system. 

I) BASE, 

2) BASE2 

17 

8 + 9 ( 13) 

In contrast to the dilithio anion which shows an 

optimal selectivity with ethyl iodide of >11:1, the 

dipotassium enolate, 17 (M1 = M2 = K), reacts under 

identical conditions in a completely stereorandom 
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fashion. The drastic differences in comparable reactions 

(Table 7, Entries D, H, K), probably reflect significant 

differences in the equilibrium bond lengths, angles and 

strengths in the proposed transient chelate 17 (vide 

infra). 

It was anticipated that the nature of the chelating 

arm of the chiral auxiliary would be of critical 

importance in effecting high diastereoselection. In 

an effort to enhance the chelating ability of this moiety 

by increasing its basicity relative to the lithium 

salt but hopefully without altering many of the other 

features which make the dilithio enolate 17 successful, 

we examined the reaction of mixed lithium~potassium 

dianion 17. Formed by pretreatment of hydroxyamide 15 

(R1 = CH 3) with potassium hydride to yield the more 

basic potassium alkoxide followed by addition of one 

equivalent of LDA, the alkylation of this species is 

again quite complicated. Under certain conditions, 

however, higher selectivity is observed. Low 

temperature alkylation of the mixed enolate system with 

ethyl iodide in THF-HMPA mixtures show about 15:1 

selectivity as compared to about 10:1 for the dilithio 

species under similar conditions (Table 6, Entries L, M). 

The aforementioned studies (Tables 3-6) serve in 

our minds to define from the overwhelming myriad of 



-45 .. 

potential variations, four promising sets of reaction 

~onditions for the dianionic substrates 17. Alkylation 

of the dilithium or mixed lithium-potassium LDA 

generated enolate in either THF or 5% HMPA in THF 

(2.1 equiv HMPA), must now be selected with regard to the 

temperature and the structure of alkyl iodide or 

allylic bromide employed. Table 7 summarizes a number 

of experiments grouped in terms of the electrophilic 

component and itemized according to the starting amide (vide 

infra) and the four sets of reaction conditions described 

above. It is immediately obvious that no one set of 

conditions is universally applicable. 

The normal iodoalkanes show their highest diastereo

selecti vi ty (>15:1) in reaction with the mixed salt 

(.Method B) in the presence of HMPA (Table 7, Entries 

15, 18). In the absence of HMPA,this system is the 

least satisfactory. Perhaps more interestingly, the 

corresponding reactions of the dilithio enolate in 

THF solution are only slightly less selective (Entries 

7, 16, 17). These reactions as well as the examples 

of dilithio enolate (Method A) in the presence of HMPA 

show, in contrast to our initial expectations, a 

minimal temperature effect. The diastereomer ratio 

obtained at 25°C is, within experimental error, the 

same as is obtained by reaction at -78°C. In a practical 
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sense none of the low temperature reactions done in 

the absence of HMPA proved particularly convenient 

due to often unpredictable reaction times and occasional 

precipitation of the dianion intermediate 17. We would 

have projected from Fi~ure 2, that the selectivity should 

be about halved over that temperature range. Recall 

that Figure 2 was based on a very simple model and 

indeed these diastereomeric amide transition states 

have proved to be quite complicated and unpredictable . 

This apparent self-compensation as a function of 

temperature, which supplants the normal reactivity

selectivi ty principles, represents yet_. another example. 

In a practical sense, if slightly lower selectivity 

(11:1) can be tolerated, alkylation at ambient 

temperatures and in .the absence of the carcinogenic 

HMPA provides an appealing alternative procedure for 

the introduction of normal alkyl chainse 

Alkylation with allyl bromide is subject to different 

constraints (Table 7, Entries 21-29). It appears that, 

regardless of the conditions employed, high diastereo -

selection is observed only at low temperature (Entries 

21, 22). The normal selectivity enhancement with 

temperature reduction is apparent even over relatively 

small temperature changes (Entries 24, 26, 28, 29)~ · 

Optimal conditions (25:1) use the dilithio enolate 17 
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in THF .. HMPA solution at -100 °C (.Entry 26) . It is 

important to note that no special problems or loss in 

this high selectivity were observed on scaling-up from 

5 to >40 m.mol, indicating that even larger quantities 

of material should be readily available by this method. 

The corresponding mixed salt !Z is only slightly less 

selective (18:1, Entry 29). This trend is preserved in 

comparable reactions in the absence of HMPA (Entries 21, 

27). It is interesting to note that substitution of 

1,3-dimethyl-2-imidazolidinone, an advertised HMPA 

replacement, substantially lowers the selectivity 

(7.1:1, Entries 24, 25). 

Iodides with branching B to the reacting center 

alkylate (Table 7, Entries 30-38) with exceptionally 

high diastereoselectivity (>30:1). As with the saturated 

normal alkanes, the apparent optimal conditions employ 

the lithium-potassium dianion (Method B) and low 

temperature alkylation in 5% HMPA-THF (Entries 36, 38). 

In this case, however, it is the low temperature 

reaction of the dilithio enolate (Method A) in THF-

HMPA solution (Entries 31, 34, 37) that provides the 

almost equally useful alternative procedure (selectivity 

>20:1) and not its reaction at ambient temperatures 

(<12:1, Entries 30, 32) as noted in the earlier case. 

To explain the generally higher diastereoselection 
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observed in the 8-branched electrophiles (>30:1) 

relative to the straight chain iodides . (~17: 1) one 

might suspect a quite remote interaction between the 

chiral auxiliary on the enolate and the ~-center of the 

electrophile. Additional evidence for this can be 

gained from Table 7. The appropriate results are 

summarized in Scheme VIII. The diastereoselection at 

the newly formed center varies smoothly in accord with 

the absolute configuration of the resident B~center. 

Selectivity of about 41:1 in the parent achiral iodide 

is seemingly reinforced by an inherent preference in 

the reactivity of the S-iodide to increase the overall 

selection (55:1), but opposed by the inherent selectivity 

of the ~-iodide to yield a lower net induction (18:1). 

This provides the first evidence for small but measurable 

double diastereodifferentiation from a remote center in 

. lk 1 . 30,31 an asymmetric a y at1on. 

Methylations, which would yield the opposite 

absolute configuration at the newly formed center relative 

to propionamide alkylation, have been only briefly 

examined. In simple systems such as amide l~ these 

proceed with high efficiency (>16:1, Table 7, Entry 2). 

Although not fully optimized, more complicated substrates 

seem to show somewhat lower selectivity (<10;1, Entry 3). 

This approach was abandoned primarily because of the 
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Scheme VIII 8:9 

55: I 

H3C~l .. 41: I 
CH 3 

Oli gH20Li 

~o + 

~ Ph CH 20 = I .. 18: I -
CH 3 

.. 22: I 

need to synthesize and isolate the requisite starting 

amide. Typically these would be available by alkylation 

of the prolinol acetamide derivative~~ (eq 14). Amide 20 

available, as before, by acylation with acetic anhydride, 

is somewhat more difficult to purify and store due to 

apparent N ~ 0 acyl transfer. In addition, although 

alkylation under optimal conditions (1, KH; 2. LDA; 

3. RI/HMPA/25°C) proceeds in good yield, dialkylation, 
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I ) BASE 0 ~H20H 

~a 2) Nr 
0 ~H20H 

18 A(j 
20 

I) BASE 
0 ~H20H 

~a 2)~I 

19 

which is not observed in the more highly substituted 

amides, comprises ab.out 10% of the reaction product. 

Our initia1 goal of an efficient one-pot sequential 

alkylation-methylation sequence was not available 

with these amides. 

The application of prolinol derived propionamide 

as a chiral reagent for the construction of either 

absolute configuration of a methyl bearing center a to 

( 14) 

a carbonyl is, however, at hand. Although the naturally 

occurring form of praline is of the ~-configuration, 

~-prolinol is readily available by cyclization and 

reduction of ]-glutamic acid in a procedure reported 



6 
82% 
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2) LAH 
75% 

during the course of this work by Enders. 32 

In spite of the large number of potentially important 

reaction variables, the rather complicated studies on 

hydroxyamide alkylations can be quite simply summarized. 

The mixed salt method,which utilizes pretreatment of 

hydroxyamide with KH followed by one equivalent of LDA and 

subsequent low temperature reaction of an alkyl iodide 

in 5% HMPA-THF,is the procedure of choice. Allylic 

bromides best employ the dilithio enolate generated 

from two equivalents of LDA under otherwise identical 

conditions. The other procedures discussed above and 

demonstrated in Table 7 may show, depending on the 

electrophile, almost equally efficient diastereoselection 

and in certain cases have practical implications which 

would favor their application. If the ~~configuration 

is desired at the newly formed center, the ~-prolinol 

derived hydroxypropionamide is employed, 
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If the S·configuration needs to be constructed, the R

hydroxyamide is used. 

D. Alkylation of Boron-Ate Complexes. In line with 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

our interest in using metal center steric effects to 

control stereochemistry, we have examined the reaction 

of alkoxyborane amide derivatives 21~25. Enolization 

and internal complexation gives an intermediate such 

as 26 in which the chiral auxiliary serves to fix the 

orientation of the covalently bonded ligands on boron 

to reinforce the diastereoisomeric bias. In addition 

to introducing a new controllable steric component to the 

21, L 

33, L 

~~' L 

24, L 

25, L 

L 

0 1,...0\ ,8 
L''' I 

~(J 
= ~-C4H9 
= ~-C6Hl3 
= 9-BBN 

= C6Hll 
= C5H9 

I) BASE 

21 Et I 

t a -path 

reaction, the ate-.complexes offer several other possible 

advantages. The complex is likely to exist as a monomer 

in solution avoiding the complications associated with 
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aggregation. The relatively strong boron~oxygen bond 

and lower reactivity of these intermediates, as compared 

to the alkali metal enolates suggest, they might be 

subject to much more stringent stereoelectronic con-

straints. Reaction through a much tighter, well-defined 

transition state could lead to enhanced diastereo face 

discrimination. 

The boronate complexes of ketone enolates have been 

alkylated by Rathke 33 and Negishi. 34 , 35 Addition of 

triethylborane or triethanolamineborate to the alkali 

metal enolate gives a species, which in contrast to the 

precursor, undergoes clean monoalkylation (eq 16). The 

workers also, however, uncovered several potential 

0 0 

6 I ) BASE I THF lYCH3 
( 16) 

2) Et 3 8 or 
N (CH2CH20hB/DMSO 

3) Mer 

complications in applying this approach to the chiral 

hydroxy amides. The readily reversible bimolecular 

complexation is quite dependent on the metal counterion 

and sensitive to steric effects at boron. 34 , 36 In the 

initial complexation reaction, the electrophilic boron 
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can react either directly on oxygen or first on carbon 

followed by a possible 1,3 C + 0 migration. 37 

This latter pathway carries the potential for scrambling 

enolate geometry and has some precedent from work in 

this laboratory. 38 Rathke has observed that starting 

with a borate which is not constrained by a ring 

(e.g. trimethyl, tri-tert~butylborate), complexation 

followed by apparent loss of alkoxide yields the 

unreactive boron enolate. The present case, although 

intramolecula~ requires the kinetically less favorable 

seven-membered ring formation and may be subject to 

· the equilibria described by equation 17. In fact, the 

limited literature data which have been used as evidence 

for direct alkylation of the boronate complexes may 

as well be consistent with alkylation through a small 

equilibrium amount of the more reactive alkali metal 

enolate. The air sensitive amides 21-25 are conveniently 

.. 

27 

( 17) 
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prepared from the appropriate dialkylborane and hydroxy

amide, from the dialkylchloroborane and sodium a1koxide, 

or from in situ formation of the ate-complex by 

addition of one equivalent of the chloroborane to a 

solution of preformed dianion. The 1H NMR spectrum 

of borate 3~ shows a significant downfield shift 

relative to the hydroxyamide for the protons a and S 

to the carbonyl IM (C(O)C!:!2) = 0,42 ppm, M (C(O)CH 2c!:!_3) 

0.15 ppm] as would be expected from decreasing the electron 

density at the carbonyl carbon in a strongly intra

molecularly complexed amide. Further these species 

undergo smooth deprotonation with LDA or potassium 

hexamethyldisylamide (HMDS) at ambient temperatures, 

while the corresponding hydroxy amide shows much lower 

acidity undergoing only partial (-30%) reaction with 

the latter reagent under forcing conditions. Dimsyl 

potassium is ineffective, however, even with the boron 

derivative. 

The consequences of ethyl iodide alkylation under 

a variety of reaction conditions are summarized in 

Table 8. In certain cases high selectivity can be 

realized. Comparable results are obtained using either 

the in situ ate .. complex preparation or via deprotonation 

of the borate (Entries 20-23). 39 Alkylation of the 

lithium boronate 27 in the absence of HMPA shows only low 
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selectivity (< 2. 4: 1), regardless of the alkyl ligand 

on boron, to form predominantly th~ R absolute con

figuration at the newly constructed stereocenter, as 

was observed with the corresponding hydroxyamides 

(Entries 1, 2, 20-23). The potassium boronate ~Z under 

comparable conditions is only somewhat more selective 

(Entry 30). Addition of a very good cation solvator, 

such as HMPA, prior to alkylation would be expected, 

just as changing from the more covalent bonding lithium 

to potassium, to shift any equilibriwn toward boronate

complex ~Zand away from any contact ion pairs (eq 17). 

Although depending on the relative rates of reaction 

this shift does not guarantee alkylation through the 

ate-complex, addition of HMPA is reflected by an increase 

in selectivity for ethylation to give the ~~configuration 

as predicted by B attack on 26 (Table 8, Entries 2, 3; 

23, 24; and 30, 32). In fac~ in the case of the 

lithium dicyclohexylboronate complex derived from 24, 

selectivity increases measurably from 6:1 to 9:1 as 

a function of increasing HMPA concentration (Entries 

6-8). A similar trend can be noted in the potassium 

dicyclopentylboronate complex derived from 25, in 

which selectivity increases from 19:1 to >30:1 by 

increasing the HMPA concentration from 5% to 20% 

(Entries 33, 34). Using hexane~free base again seems 
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to promote somewhat higher selectivity (Entries 4, 5). 

Interestingly another commonly employed solvating 

agent, tetramethylethylenediamine (TMEDA), is ineffective 

with the potassium boronate complex (Entries 30-32). 

Perhaps the most interesting feature of the amido

bora tes is the capability to systematically vary the 

alkyl ligand on boron. As demonstrated in Table ~ the 

observed ~electivity is critically tied to the structure 

of that substituent. The selectivity under otherwise 

identical conditions generally increases in accord 

with the steric demands of the ligand. The series of 

di-~-hexyl (3.4:1), dicyclohexyl (6.1:1), 9-BBN40 

(11.5:1) and dicyclopentyl (>30:1) reveals the latter 

be the most generally applicable substrate (Entries 

3, 6, 5, 24). Under carefully optimized conditions 

the dicyclohexyl derivative, which avoids the tedious 

preparation of a dialkylchloroborane 41 in favor of the 

readily available crystalline dicyclohexylborane, 42 

shows the same high selectivity (>30:1, Entry 13). 

A number of other trends can be derived from Table 80 

Addition of HMPA prior to enolization increases 

selectivity in the case of the lithium boronate (Entries 

6, 10) but has a slightly deleterious effect when the 

potassium counterion is used (Entries 34, 35). Low 

temperature reactions, particularly in the case of the 
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dicyclopentyl derivative, are sluggish and no clear 

temperature effect is discernible (Entries 6, 9, 10, 

13, 17, 24, 25, 27, 28). In one example, ethyl bromide 

used in place of ethyl iodide showed only slightly 

lower (9:1) than the expected stereoselection under 

the given reaction conditions (Entries 11, 12). 

Entries 13 and 14 (Table 8) show a final comparison 

of interest. These experiments which differ only in 

the temperature of enolization and show that low 

temperature (-78°C) deprotonation gives an intermediate 

which reacts with low diastereoselection (2,3:1) when 

compared to deprotonation at ambient temperatures (>30:1). 

Further, if that intermediate is permitted to warm prior 

to alkylation, high selectivity is restored (Entry 15). 

Entries 17 and 18 (Table 8) provide corroborating 

evidence. These results suggest that either complexation 

is slow, which seems unusual for this intramolecular 

reaction, conformation equilibration is slow, or a 

mixture of isomeric intermediate ate·complexes ~Z are 

produced which then thermally equilibrate. This latter 

pathway seems most plausible, reacting as in the afore~ 

mentioned discussion through kinetic attack of the 

intramolecular electrophilic borate on the stereo

chemically pure lithium. enolate at carbon followed by 

1,3 C ~ 0 rearrangement to give initially 27 as a 
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mixture of enolate geometrieso Subsequent equilibration 

would give predominantly the cis enolate consistent 

with the observed results as predicted by model 26. 

Although these boronate complexes, unique in their 

use of metal center steric effects as an approach to 

asymmetric alkylation, have demonstrated both interest-

ing chemistry and synthetically useful levels of 

diastereoselection, application of this methodology 

in a preparative sense has proved to be cumbersome. 

The need to prepare the requisite dialkylborane, the 

use of large quantities of the carcinogen, HMPA, and 

the relative difficulty in isolating the desired 

product are severe drawbacks. In light of these 

considerations and more importantly the promising 

results obtained from the mechanically simplier 

dianions ~z, the study of other alkylations in this 

area have not been pursued. 

E. Reaction of 0-Alkyl Derivatives. The hydroxy-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

methyl side chain has been a pivotal feature in the 

successful diastereoselective alkylation of hydroxy 

amide 15. Even subtle changes in the nature of that 

chelating group have had, as predicted, a significant 

effect on the overall asymmetric induction. In a 

further study we have examined a series of ether 

derivatives 30-33 with some surprising observations (eq 18). 
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30 R=CH3 

31 R=CH2CH3 

32 R=CH20CH2CH20CH3 

33 R= _[-Bu( CH 3 )2 Si 

8 

I) BASE 
+ 

9 

In contrast to the hydroxy amides, alkylation of 

the alkoxy propionamide gives predominantly diastereomer 

9 with the ~-configuration at the newly formed center. 

This reversal in the sense of asymmetric induction in 

changing from 0-metal to 0-alkyl was not totally 

unprecedented at the·start of this work, but provides 

still another striking example of the complexity and 

the delicate equilibria which characterize acyclic 

stereoselection. Meyers reported that with an 0-lithium 

chelating arm diastereomer 35 was slightly favored --
(34:35, 46:54),while with the 0-methyl derivative the 
---~ ,,...,_.., 

(18) 

opposite enantiomer ~~ was produced in excess (eq 19, ~~:~~' 

72:28). 5h During the course of this work Sonnet, studying 

primarily the methyl ether, has observed the identical 

change in the sense of asymmetric induction with prolinol 

11 h d . d .. d .d Sa '.,43 as we as ep e rine er1ve am1 es. 
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Ph Ph Ph 
~ ox ~ ox ~ ox 0 ... / 0 1111/ 

0 .... ! 
I) n-Buli 

+ 

H3C~N H3C~N (19) H 3C~N 
2) .a-C4H9! 

--- C4H9 C4H9 

34 35 

R=Li 46 54 

R=Na 55 45 

R=CH 3 72 28 

Our investigations of the ether derivatives 30-33 

are summarized in Table 9. It is immediately apparent 

that the high selectivity observed with hydroxyamides 

is not obtained here. A maximum selectivity of about 

4.3:1 (Entries D, N) ·has been achieved, although one 

could reasonably expect somewhat higher preference if 

lower temperatures were employed. Selectivity increases 

modestly in the ethyl iodide alkylation as the temperature 

is decreased in THF (Entries A-C) or DME (Entries K, L) , 

but is virtually ineffective when the reaction is run 

in ether (Entries H, I). In the latter two solvents 

alkylation is prohibitively slow at low temperatures 

and in the use of DME, addition of HMPA does not seem 

to increase the rate substantially (Entry M). Addition 

of HMPA prior to alkylation in cases where the reaction 
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medium is ether or THF generally decreased selectivity 

by a few percent (Entries E, J). Enolization conditions 

are as with the hydroxyamides almost inconsequential. 

Deprotonation with LDA, LDA in the presence of HMPA or 

sec-butyllithium all result in diastereomer ratios 

between 3.6-4.0:1 (Entries C-F). Substitution of the 

magnesium counterion again gives an intermediate which 

alkylates in a stereorandom fashion (Entry G). 

A number of ether substituents were tested. Of 

particular interest are the TBS and the methoxyethoxy~ 

methyl (MEM) derivatives which under the amide hydrolysis 

conditions are cleavaged to reveal the hydroxyl moiety. 

These retain the feature of facilitated amide 

hydrolysis by acyl transfer. The latter case also 

contains additional oxygen atoms in the chain which 

might have been expected to promote better chelation. 

All the derivatives show quite comparable selectivity 

yielding between 77% and 81% of diastereomer 9 after 

ethylation (Table 9, Entries C, N, O, P). Alkylation 

with allyl bromide or iso-butyl iodide was slightly 

less selective (1.7-2.9:1, Entries Q, R, S, T). 

F. Other Substrates. The complexity of these 

bimolecular chiral amide alkylations seemingly defies 

a detailed transition state analysis and understandingo 

Our mechanistic interest, aroused primarily by the 
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intriguing reversal in stereochemical preference of the 

ether derivatives 30-33, has led us though to examine 
~-v ~...., 

a number of structurally modified amides. In attempting 

to understand at least a few more of the details of 

this useful synthetic method and defining a simple 

model which suggests further experiments, we hoped to 

be able to design even more efficient chiral propionates 

for the control of acyclic stereochemistry. Consider 

a very simplistic representation of the extreme rotomeric 

forms of the chelated prolinol amide enolate 42 and 43. 

Note that merely by a 90° rotation about the C~N bond, 

x 
I 

,P 
M 

'o 

42 

a- ATTACK FAVORED '3- ATTACK Fl\VORED 

the steric differentiation imposed by the chiral 

auxiliary on the B and S faces of the enolate system 

reverses. 

In the literature, the models to explain diastereo

selecti ve alkylation invoke complexation of the leaving 

( 20) 



.. 74 .... 

group of the incoming electrophile with the metal of 
Se the enolate system. Although one might well · expect a 

stereoelectronic effect, electrophilic catalysis, or 

coulombic interaction to make positioning of the metal ion 

influential, the literature data in our estimation do not 

justify this as the major factor in high diastereo

selection. Rather as summarized in Scheme IX, the 

selectivity decreases dramatically from > 6: 1 to < 2: 1 

as R2 is made less sterically demanding in changing 

from phenyl to methyl to hydrogen (Entries A-C and D-F)~g,k 

Further as R1 , which is situated on the opposite face 
2 from R , is made more sterically demanding the sense 

of asymmetric induction reverses (Entries F, G). This 

smooth correlation is quite surprising in light of 

the distance between reacting center and the steric 

bias. 

Consider the models, which we hoped would suggest some 

interesting experiments, illustrated in equation 20. 

We focus on the steric effects in orientation of the 

chiral center. We naively disregard for the present 

discussion other conformation effects of the seven-

membered ring chelate. The fact that we've asswned 

both a hybridization state and absolute configuration 

at the nitrogen, and any concurrent bond reorganization 

in the transition state of the bimolecular reaction is ignored. 
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Structure ~~' assuming the nitrogen is in conjugation 

with the ~ system, sterically predicts attack from the 

a-face. This mimics the sense of diastereoselection 

obtained in the alkylation of the dianion derived 

from hydroxyamide !~' with both metal ions in a position 

to participate by a bridged chelation. A 90° rotation 

about the C-N bond, accommodating perhaps a new 

equilibriwn chelating~bond distance, gives the other 

extreme rotomer, structure 43. Assuming the nitrogen 

lone pair is now orthogonal to the ~ system, the steric 

bias which is imposed should direct electrophilic 

attack from the S -face and mimics, assuming no change 

in enolate geometry, the sense of diastereoselection 

from ethers 30-33. At first isomer 43 seems unreasonable 

because resonance stabilization (7-10 kcal) has been 

lost in twisting the lone pair from what is apparently 

the most stable conformation on the basis of X-ray 

studies. 44 Studies on N-acyl enamines, however, show 

the orthogonal rotomer to be the most stable by >7 

kca1. 45 In the present suggestion 43, note that any 
~-

degree of charge on the enolate carbon will lower the 

resonance stabilization energy of lone pair overlap. 

Direct alkylation of 43 without concurrent bond 
"""'~ 

reorganization, however, leads to the twist form of the 

amide which is about 20 kcal higher in energy than the 
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planar form. This might be expected to at least be 

partially reflected in the activation energy. 

In spite of all the uncertainties these models have 

proved useful. They predict that the origin of the 

steric effects which define the observed selectivities 

are quite different and have led us to the more highly 

substituted amides 36-41 in an attempt to exploit those 

differences. The results of those alkylation studies 

15 R= H 
33 R= TBS 

36 R= H 

37 R= TBS 

CH3 

38 R=H 
39 R= TBS 

CH 20R 
0 = 

H,C~N? 

CH 3 

40 R=H 
41 R=TBS 

are summarized in Table 10. Amide 36, incorporating a .... ~ 

gem-dimethyl group on the chelating side chain, is easily 

prepared from the appropriate proline derived amido~ester 

and methyl grignard. Alkylation of the lithium dianion 

with ethyl iodide shows slightly lower selectivity (8:1) 

than the parent propionamide 15 (11.5:1) under identical 
~.., 

conditions (Table 10, Entries A, B). This small effect 

(89% vs 92% of the major isomer) suggests that the 

hydroxymethyl group in the 2·position is not itself 
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providing the steric bias but rather as in ~~ (R2 = R3 = 

H, R1 = CH3) is out of the path of the incoming 

electrophile. Perhaps the 5-position of the ring is 

slightly tilted out of the planar array and oriented 

to provide the steric bias. Silylation of 36 gives the 
~~ 

corresponding TBS-ether 37. The bisected transition 
~~ 

state model ~~ (R1 = CH 3) predicts the geminal methyl 

groups must contribute the steric hindrance of the 3-

posi tion relative to the 5-position and hence block the 

a-face. Ethylation of the lithium enolate of ~Z gives, 

as in the parent system, the opposite sense of diastereo

selection relative to the dianion reaction. It also shows 

significantly improved selectivity (>12:1) relative to 

the parent TBS-ether~~ (3.3:1, Entries H, I). 

Although somewhat more difficult to obtain, these 

geminally substituted amides may show some important 

practical advantages over the parent prolinol derived 

amides. Both the dimethyl and diphenyl derivatives 

indicate good chromatographic response which may be 

useful for the mechanical resolution of diastereomers 

in cases where even a few percent of a minor enantiomer 

cannot be tolerated. In addition, the diphenyl derivative 

upon simple ethylation gave a solid mixture of diastereo

mers. Disappointingly, the high selectivity observed 

in ethylation of TBS-ether 37 did not persist in reaction 
~~ 



with iso~butyl iodide (Entries L, M)~ 

Considering structure 42 or as illustrated in ...... 
equation 21, one would predict that an asymmetric center 

constrained in the U-form would be more effective in 

inducing selectivity than one constrained in the W~form. 

M . 
'o M'-.. 

0 
0 

Me~w·...-Q BASE Me~(9 ~ Me~(L2 
I 
L2 H L2 H cg 

W-form U-form 

Design Criteria 

~I El+ • l El• 
I} Immobilize W or Z 

conformation ( 21) 

2) Construct maxi ma I 
facial bias 

0 0 

Me"t'(9 Me~ /L2 
: N 
El I 

El L cg 

Further models 42 and 43 predict much different results 
..... ~ ~,..,, 

depending on the relative stereochemistry between the 

hydroxymethyl group at c2 and the substituent at c5 
(R 2 or R3) of the pyrrolidine ring. We therefore 

examined the propionamides of cis~ and trans-5-methyl· 

prolinol ~~ and 40. The synthesis of 5-methylproline by 

Overberger and co-workers gives a mixture of cis and 

trans compounds from reduction of the intermediate 
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. . 1 46 1mm1um sa t. Isomer separation can be effected 

either by crystallization of the amino acids or 

chromatographically after reduction and acylation. 47 

Although racemic materials were used in this study, 

both cis- and trans-5-methylproline have been resolved. 48 

The cis and trans isomers were assigned in the literature 

on the basis of the CD spectra. 

These alkylation results are also summarized in Table 10 

(Scheme X). Recall the unsubstituted hydroxyamide shows 

diastereoselectivity of 11.5:1 (Entry A). The cis 

methyl group of hydroxyamide ~~ reinforces the stereo

chemical bias of hydroxymethyl group in the 2-position 

to increase the overall selectivity to >17:1 (Entry B). 

Ethylation of the dianion derived from hydroxyamide 40 

under identical conditions proceeds with the lowest 

observed preference in this series of substrates, only 

a 3.1:1 diastereoselection (Entry C). The trans methyl 

group as depicted in structure ~~ (R1 = R2 = H, R3 = CH 3) 

should oppose the induction of the hydroxymethyl side 

chain, while in this orientation, the cis methyl group, 

~~ (R1 = R3 = H, R2 = CH3), impedes approach from the 

same face. The reactions of the dilithio anions in 

the presence of HMPA show similar changes in selectivity. 

The corresponding silyl ethers, in which the parent 

selectivity from amide 33 is only 3.3:1 (Table 10, Entry H), 
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Scheme X 

42 --
a- ATTACK FAVORED 13- ATTACK FAVORED 

R=H 11.5: 1 

) 
33 R =TBS 3. 3 : 1 ,...,... 

H3C 

0 3R R=H 8.0 : 1 
H3C~N """' 

) 
37 R =TBS 12.2 : 1 ,...,.... 

CH20R 

H3CJN? 38 R=H 17. 5 : 1 ,...,... 

) 
39 R =TBS 1.6 : 1 ,...,.... 

CH3 

CH20R 

H3CJN8 40 R=H 3.1 : 1 ,...,... 

) 
41 R =TBS 66 : 1 ,..,.... 

-
CH3 
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show the opposite trend. The cis·amide 39, which if -- --
the transition state more nearly resembles structure 

43 (R1 = R3 = H, R2 = CH3) should be equally hindered 

on either side of the enolate. Reaction proceeds to 

give the same major diastereomer as amide 38 but in 

only a 61:39 ratio (1.6:1, Entry J). The trans~amide 

~! again gives the corresponding diastereomer to the 

dianion alkylation of~~, but exhibits the highest 

diastereoselection (>50:1) observed for any ethylation 

(Entry K). In the model rotomer 43 (R1 = R2 = H, R3 = 

CH 3) the methyl group would interact strongly with the 

reacting center. 

These interesting experiments suggested by the 

simple chelation based models illustrated in equation 20 

demonstrate a new design basis for chiral enolates 

focusing on the U-form (eq 21) of chirality disposition. 

The idea of subtle rotation about the C-N bond to 

accommodate the optimal chelation distance as a function 

of chelating group or, recalling the dipotassium and 

magnesium enolate experiments, the metal ion, provides 

a new basis for rationalizing the ·wide variations in 

the observed diastereoselection of seemingly similar 

systems. 
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III. ~~~~!T 

In the study of prolinol derived amides discussed 

above we have systematically addressed the problems 

associated with diastereoselective alkylation 

as a practical approach to the control of acyclic 

stereochemistry. By proper choice of reaction 

conditions a seven-membered ring chelate can be utilized 

effectively in several different ways to induce high 

diastereoselection. The preparation of simple chiral 

carboxylic acids proceeds in good chemical yields and 

with the highest optical yields yet reported. From 

this study new standards have been set for both asymmetric 

induction and analysis of the asymmetric process, The 

work has defined new design concepts for the most 

effective orientation of chirality in chiral propionate 

enolates. These concepts and methods should find 

numerous application in the total synthesis of natural 

products. 
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IV. Experimental Section 

Infrared spectra were recorded on a Beckmann 4210 

h lH . spectrop otometer. magnetic resonance spectra were 

recorded on a Varian Associates EM-390 (90 MHz) spectrom

eter and are reported in ppm from internal tetramethyl

silane on the o scale. Data are reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet, br = broad), 

coupling constant (Hz), integration, and interpretation. 
13c . d d JEOL magnetic resonance spectra were recor e on a -

FX-90Q (22.5 MHz) or a Varian Associates XL-100 (25.2 MHz) 

spectrometer and are reported in ppm from tetramethyl-

silane on the 5 scale. Multiplicities are reported 

using the format given above. Mass spectra were recorded 

on a Dupont 21-492B spectrometer by the California 

Institute of Technology Microanalytical Laboratory. 

Combustion analyses were performed by Spang Microanalytical 

Laboratory, Eagle Harbor, Michigan, or by Galbraith 

Laboratories, Inc., Knoxville, Tennessee. 

Analytical gas-liquid chromat~graphy was carried out 

either on a Varian Aerograph Model 1400 gas chromatograph, 

equipped with a flame ionization detector, using a 10 ft x 

0.12511 in stainless steel column packed Superpak 20M 

Carbowax by Analabs or on a Hewlett Packard 5880A series 
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gas chromatograph equipped with a flame ionization 

detector, using a 25 m x 0.2 mm flexible fused silica 

capillary column wall-coated with Carbowax 20M or methyl 

silicone (SP-2100) or a 30 m x 0.32 mm fused silica 

capillary column wall-coated with SE-54. Silylations 

were performed using excess diethyltrimethylsilylamine. 

Chromatography on silica was performed using a 

forced flow of the indicated solvent on Merck Silica 

Gel 60 (70-230 mesh). Medium pressure chromatography 

was performed using EM Laboratories LoBar silica gel 

60 prepacked columns on a Chromatronic MPLC apparatus 

equipped with a Fluid Metering Inc. Model RP Lab Pump. 

Analytical HPLC was performed on a Water's Associates 

Model ALC 202/401 high pressure liquid chromatograph 

equipped with a Model 6000 pump and ultraviolet and 

refractive index detectors. 

Optical rotations were recorded on a Perkin Elmer 

141 polarimeter at the sodium D line or a Jasco DIP-181 

digital polarimeter and are reported as follows: [a]D, 
49 concentration,£ (g/100 mL), and solvent. 

Diethyl ether, tetrahydrofuran (THF), and dimethoxy

ethane (DME) were dried by distillation from benzo

phenone ketyl. Dichloromethane and alkyl iodides were 

passed through a column of activity I Alumina prior to 

use. Dimethylforamide (DMF) was distilled from calcium 
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hydride and hexamethylphosphoric triamide (HMPA) was 

distilled from calcium hydride or sodium (triphenyl .. 

methane indicator) then stored over molecular sieves. 

Alkyllithiums were titrated by the procedure of 

Watson and Eastham. 50 Hydroxyamides were dried by 

bulb-to-bulb distillation (full pump or diffusion 

pump vacuum) and transferred to tared vials under nitrogen 

for weighting. All other reagents were used as received. 

Unless otherwise noted all non-aqueous reactions 

were carried out under a nitrogen atmosphere with rigid 

exclusion of moisture from reagents and glassware. 

§:~::~~-~~r~~!~~~-~:~~=~~:=-~~:_!~:-~:=~~:~!~~~-~~ 
~:~~~~~~-~::~~:~-~l~:~~r:~~~::· To 1.0 equiv of 

amino alcohol was added dropwise (exothermic) 1.1 equiv 

of anhydride with stirring. Upon complete addition the 

mixture was heated to -70°C for 10 min. The mixture was 

cooled, basified with aqueous NaOH, and extracted with three 

portions of dichloromethane. The combined organics were 

washed with 10% aqueous HCl and brine, dried (Na 2so4) and 

concentrated in vacuo to yield hydroxy-amide which was 

evaporatively distilled prior to use. 

1- [ (_2S)-Hydroxymethylpyrrolid-l .. yl] .. propionic Acid (15). 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Acylation of 2 3. 9 g (O. 24 mol) of (S) -prolinol with 34 mL ( 34. 5 

g, O. 26 mol) of prop ionic anhydride affords 32. 3 g ( 86 % ) of 15 

as a light amber oil. Bulb ~ to-bulb distillation (110°C, 
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< 0. 001 nun) affords 15 as a colorless liquid which crystallized 

on standing: mp 38-40°C; IR (neat) 3380, 2962, 2937, 2870, 

1610 , 14 3 0 cm - l ; l H NMR (CDC 1 3) a S • 16 ( b r s , 1 , OH) , 4 . 2 0 

(m, 1, CH), 3.67-3. 39 (m, 4, N, O-CH2), 2.31 [q, J = 9 Hz, 

2, C(O)-CH2J, 2.13-1.58 (m, 4, cgz-CH2), 1.16 (t, J = 9 Hz, 

3, -cg3); 13c NMR (CDCl3) a" 174.7 (s, f.=O), 66.9 (t, f.Hz-OH), 

60.9 (d, f.H), 47.8 (t, CHz-N), 28.1 (.t, f.H2-CHz), 24.3 [t, 

C(O)-CHz), 8.9 (q, CH3); [a]D = -65.3° (c 21.6, CH2Clz). 

Anal. calcd. for c 8H15 No 2 : C, 61.12; H, 9.62; N, 

8.91. Found: C, 61.15; H, 9.65; N, 8.90. 

1- [ (2S)-Hydroxymethylpy·rrolid-l-yl] .. butanoic Acid (16). 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Acylation of 11.26 g (0.11 mol) of (S)-prolinol with 20 mL 

(19.34 g, 0.12 mol) of n-butyric anhydride affords 18.51 g 

of light amber oil. Bulb-to-bulb distillation (110°C, <0.001 

mm) affords ~~ as a 'liquid: IR (neat) 3390, 2960, 2875, 1610 
-1 1 1480 cm ; H NMR (CDC1 3) o 5.17 (t, J = 5 Hz, 1, OH), 

4.67-3. 78 (m, 1, cg), 3. 77-3.28 (m, 4, N, o-cH2), 2.27 [t, 

J = 8 Hz, 2, C(O)cg2), 2.17-1.37 (m, 6, c-cg2-c), o.97 (t, 

J = 7 Hz, 3, CH3); 13c NMR (CDCl3) cS 174.1 (f.=O)' 66.9 

(fHzOH)' 60. 8 (CH)' 48. 0 (N-fHz)' 36. 9 (C-CHz .. c)' 28 0 2 

(C-CH2-c, pyrrolidine), 24.3 (C-f.H 2-c, pyrrolidine), 18.1 

[ C ( 0) - f.H 2] , 13. 8 (CH 3) ; I et] D = .. 61. 6 ° (~ 16 . 6 , CH z C 12) . 

Anal. calcd. for c9H17No 2 : C, 63.12; H, 10.00; N, 

8.18. Found: C, 63.05; H, 9.97; N, 8.26. 

1-[(2S)-Hydroxymethylpyrrolid-1-yl] .. acetic Acid (_20). 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Acylation of 4.97 g (4.9 mmol) of (S)-prolinol with 4.6 mL 

(4.98 g, 4.9 rnrnol) of acetic anhydride affords a mixture of 

hydroxy- and acetoxyamides. Chromatography on silica 

gel (ethyl acetate) afforded pure hy<lroxyamide 20: IR (neat) 

3380, 2960, 2880, 1625, 1435 cm-I 1H NMR (CDC1 3) 8 

5.12 (t, J = 5 Hz, l~ OH), 4.28-3.78 (m, 1, N-CH), 

3.78-3.28 (m, 4, N, o-c~2 ), 2.17-1.56 Cm~ 4, CH 2), 

2 . 0 7 ( s , 3 , CH 3) ; 13 C NMR (CDC 1 3) o 1 71 . 3 ( C = 0) , 6 6 . 2 

(CH20H), 60.6 (N-CH), 48.7 (N-fHz), 28.0 (CHz), 24.1 

CfH 2), 22.8 (f.H3). 

Anal. calcd. for c 7H13No 2 : C, 58.72; H, 9.15. 

Found: C, 58.56; H, 9.05. 

General Procedures for the Enantioselective 

Alkylations of Chiral Hydroxy-Amide Derivatives. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Preparation of Lithium Diisopropylamide (LDA). · To a 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

cooled (0°C) solution of 1.2-1.S equiv of diisopropyl

amine in THF (0.1-0.5 ~) was added 1.0 equiv of n

butyllithium in hexanes with stirring. Upon complete 

addition, the mixture was warmed to room temperature 

and used as a standard solution. 

~::r~:~!~~~-~!-~~:~~~::~:::~-~~~· Concentration of 

a standard solution of LDA (prepared as above) in vacuo 

afforded a white solid. Addition of THF gave a standard 

solution of "hexane-free'' LDA. 

Lithium Enolate Alkylation Conditions. To a stirred 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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solution of 2 .1 equiv (.1.1 equiv for 0-alkyl amides) of LDA 

in THF (or indicated solvent, 0.1·0.5 ~) was added 

1.0 equiv of amide. The resulting solution was stirred 

at room temperature for 10~30 min, followed by the addition 

of 2.1 equiv of the appropriate complexing agent. The 

mixture was cooled to the desired alkylation temperature 

and 1.0-1.5 equiv of alkyl halide added dropwise, at a 

rate to maintain the desired temperature. The reaction 

mixture was stirred 3-12 h. 

~~~~~-~~!~!-~~~!~!~-~!~r!~!~~~-~~~~~!~~~~· A slurry 

of 1.2-1.5 equiv of alkali metal hydride in mineral 

oil was washed with four portions of pentane to remove 

the oil. To the residue was added a sufficient volume 

of THF to yield a 0.1-0.5 ~solution upon addition of 

1.0 equiv of hydroxy-amide. Upon cessation of gas 

evolution, 1.05-1.1 equiv of LDA was added. The result-

ing mixture was stirred at room temperature for 10-30 

min. Following the addition of 2.1 equiv of the appropriate 

complexing agent, the reaction mixture was cooled to 

the desired alkylation temperature and 1.0-1.2 equiv 

of alkyl halide added dropwise, at a rate to maintain 

the desired temperature. The reaction mixture was 

stirred 3-6 h. 

Standard1so1ation Procedure. The resulting reaction 

mixtures were quenched by dropwise addition of saturated 
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aqueous ammonium chloride or water. This mixture was par

titioned between solvent and water or brine then the aqueous 

layer extracted with 1~3 portions of the indicated 

solvent. The combined organic extracts were dried 

(Na 2so4 or MgS0 4) and concentrated in vacuo to afford the 

alkylation product. 

General Procedure for the Acidic Hydrolysis of 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~I~:r:~~~=-~=:~~~!~~=:· To 4~5 equiv of 1.0 ~ HCl 

was added 1.0 equiv of amide. The resulting vigorously 

stirred mixture was heated to reflux for 2~3 h then cooled 

and basified with aqueous NaOH. The resulting solution was 

extracted with two portions of methylene chloride. 

The aqueous layer was acidified with 1.0 N HCl and 

extracted with two portions of ether. These latter 

combined organics were dried (MgS04) and concentrated 

in vacuo to afford the carboxylic acid. 

(2R)-l-[(2S)-2-Hydroxymethyl-pyrrolid-l-yl]-2-methyl-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1-butanoic Acid (28, Table 2, Entry A). To a solution 

(25°C) of lithium enolate derived from 366 mg (2.3 

mmol) of hydroxy amide 15 in THF was added 200 µL 

(390 mg, 2.5 mmol) of ethyl iodide. After 6 hat room 

temperature the mixture was quenched with water. The standard 

isolation procedure (~ethylene chloride) afforded 421 mg 

(98%) of 28 as a yellow oil: IR (CC1 4) 3315, 2975, 2890, 

1605, 1470, 1430 cm-l 1H NMR (CDC1 3) o 4.65 (t, J = 4 



-92-

Hz , 1 , OH) , 4 . 2 2 (m , 1 , N - C!:!) , 3 . 7 8 .. 3 . 2 2 (m , 4 , N , 

0-CH 2), 2.47 Im (t of q), J = 7 Hz, 1, C(O)·C~], 2022-

1.22 (m, 6, C-CH2-C), 1.13 (d, J = 7 Hz, 3, CH-CH3), 

0.89 (t, J = 7 Hz, 3, CH2-C~3); 13c NMR (CDCl3) 8 177.64 

(s, C=O), 66.15 (t, f.H20H), 60.46 (d, N.-f_H), 47.78 (t, 

N-CH2), 39.66 [d, C(O)-f_H), 27.95 (t, C-CH2-C), 26.65 

[t, (R)-cH 2-cH 3), 24.32 Ct, c-f_H2-c), 17.28 [q, 92%, 

( R) - CH - CH 3) , 16 . 5 7 I q , 8 % , ( S) ~ CH - CH 3 - _] , 11. 9 7 ( q , 

CH 2-cH3). VPC analysis (25 m Carbowax, 165°C) showed 

two peaks at 9.81 (92.0%) and 10.10 min (8.0%). 

Anal. calcd. for c10H19No 2 : C, 64.83; H, 10.34; 

N , 7 . 5 6 . Found : C , 6 4 . 7 3 ; H , 1 0 . 3 2 ; N , 7 . 5 2 . 

An authentic mixture of 28 and 29 was prepared by 

enolization of a sample of~~ with LDA (THF, 25°C, 15 min) 

followed by reprotonation with ammonium chloride. The iso-

lation procedure (methylene chloride) afforded 28 and 29 

as an amber oil: 13c NMR (CDC1 3) o 177.95 (C=O), 67.52 

(CH 2-0H), 61. 09 [ (S)-N-f_H), 60. 90 [ (R) -N-f_H], 4 7. 90 

( N - CH2) , 3 9 . 7 0 [ C ( 0) -f.H] , 2 8 . 2 3 ( C - CH 2 - C) , 2 7 . 2 8 

[(S)-f.H2-CH3)' 26.56 [(R)-f.Hz-CH3)' 24.41 (C-CH2-C)' 

17. 23 [ (R)-CH-f_H3)' 16. 52 [ (S)-cH..:f.H3]' 11. 95 (CHz-f.H3). 

(R)-2-Methylbutanoic Acid (Table 2, Entry A). 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Hydrolysis of 421 mg (2.27 mmol) of amide 28 in 8.0 

mL of 1.0 N HCl gave after bulb-to-bulb distillation 

196 mg (84%) of 2-methylbutanoic acid: [a]D = -15.95° 
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(neat). Lit. 51 ja]D = +19.69 (neat). 

(2R)-l-[(2S)-2-Hydroxymethyl-pyrrolid~l-yl]-2-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

methyl-1-hexanoic Acid (44, Table 2, Entry B). 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

To a solution (25°C) of lithium enolate derived 

from 1.486 g (9.46 mmol) of hydroxy-amide 15 was 

added 1.2 mL (1.94 g, 10.5 mmol) of n-butyl iodide. 

After 6 h (25°C), the mixture was quenched with water. 

The standard isolation procedure (methylene chloride) 

gave 2.031 g (100%) of 44 as a yellow liquid: IR (neat) 

3400, 2965, 2945, 2885, 1640 (sh), 1620, 1470, 1440 cm- 1 ; 

1H NMR (CDC1 3) cS 5.20 (br t, 1, 0!!_), 4.22 (m, 1, N-C!!_), 

3.78-3.22 (m, 4, N, O-CH2), 2.56 [m, 1, C(O)-C!!J, 2.22-

1. 0 (m, 10' C- f.H2-C)' 1..13 (d, J = 7 Hz' 3' CH-C!!_3)' 

0.89 (br t, J = 6 Hz, 3, CH2 .. CH3); 13c NMR (CDCl3) cS 

177.7 (C=O), 66.1 (CHzOH), 60.4 (N-f_H), 47.8 (N-fHz), 

38.o [C(O)f.H], 33.4 (CH 2-cH-cH3), 29.7 Cf_H 2), 28.o 

(CHz), 24.3 (fH2), 22.8 (CH2), 17.7 [94%, (R)-CH-~H3), 

16 . 9 [ 6 % , ( S) - CH - f_H 3] , 14 . 0 (CH 2 - f H 3) ; [ct.] D = - 6 9 . 5 ° 

VPC analysis (-OTMS derivative, 25 m 

Me-Si, 145°C) shows two peaks at 22.55 min (5.8%) and 

23.05 min (94.2%). 

Anal. calcd. for c12 tt 23No 2 : C, 67.57; H, 10.87e 

Found : C , 6 7 . 4 9 ; H , 1 0 . 9 6 . 

An authentic diastereomeric mixture (2R,2S) of 

l-{(2S)-2-hydroxymethyl-pyrrolid-1-yl]-2-methyl-l-
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hexanoic acid was prepared by enolization of a sample 

of ZR-amide ~~ with LDA (THF, 25°C, 15 min) followed by 

reprotonation with ammonium chloride. The standard iso-

lation procedure (methylene chloride) afforded a mixture of 

diastereomers as an· amber oil: 13c NMR (CDCI 3) 0178.4 (C=O), 

6 7. 8 (f.Hz-OH)' 61. 3 (N-f_H)' 61.1 (N-CH), 48. 0 (N-f.Hz)' 

47.9 (N-f.H 2), 38.2 rccoJ-CHJ, 34.I [(S)-f.H 2-cH-cH3J, 

33.4 [(R)-cH 2-cH-cH3), 29.8 (f.H2J, 29.6 (f.H2), 2s.3 

(CHz), 24.5 (CHz), 22.8 (f.H2), 17.7 [(R)-CH-f_H3), 16.9 

[(S)-CH-CH 3), 14.0 (CH 2 -f_H 3 )~ 

(R)-2-Methylhexanoic Acid (Table 2, Entry B). 
----------------------------------------~---

Hydrolysis of 388 mg (1. 82 mmol) of 44 in 7 mL of 

1. 0 ~ HCl afforded after bulb-· to-bulb distillation 184 

mg (78%) of 2-methylhexanoic acid: [a]D = -16.71° 

( ) L . 52 ] neat. 1t. Ia D = +18.7° (neat). 

(2R)-l-[(2S)-2-Hydroxymethylpyrrolid-l-yl]-2-methyl 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~:=~~~~=-~:~~-i~~!-!~~~:-~!-~~!:r_~2· 5 e To a cooled 

(-78°C) solution of mixed lithium-potassium enolate 

derived from 397 mg (2.53 mmol) of hydroxy-amide !~ in 

THF-HMPA was added 0.51 mL (0.67 g, 2.78 mmol) of n~octyl 

iodide as a 50% THF solution. The mixture was stirred 

at - 78°C for 6 h then quenched with saturated ammonium 

chloride. The standard isolation procedure (ether) 

afforded after chromatography on silica gel (150 g, 

ethyl acetate) 533 mg (78%) of amide 45 as a colorless 
?--
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liquid: IR (neat) 3400, 2965, 2938, 2862, 1645 (sh), 

1618, 1468, 1442 cm-l 1H NM:R (CDC1 3) o 5.17 (hrs, 1, 

OH) ' 4 s 1 7 (m' 1, N- C!!) ' 3. 7.,. 3. 3 7 (m' 4' N' O-C!i.2) ' 2. 5 4 

Im, 1, C(O)-C!i_]' 2.17-0. 73 (m, 24, C!i_2' CH3); 13c NMR 

(CDC1 3) o 178.2 (f=O), 67.2 (fH20H), 60.9 (N-CH), 47.9 

(N-CH2)' 38 .1 [C (O) -fH)' 33. 7 [C (O) -CH-CH2]' 31. 8 (CH2)' 

2 9 . 7 (f_H 2 ) , 2 9 . 5 ( CH 2 ) , 2 9 . 3 ( fH 2 ) , 2 8 . 2 ( CH 2 ) , 2 7 . 6 

(.CH2), 24.4 (fHz), 22.6 (CH2), 17.7 (CH-fH3), 14.1 

(CH-fH3); [a]D = -55.6° (~ 2.8, CH 2c1 2) shows two peaks 

at 20.92 (5.5%) and 21.87 min (94.5%). 

Anal. calcd. for c16H31No 2 : C, 71.33; H, 11.60. 

Found: C, 71.29; H, 11.70. 

(2R)-l-[(2S)-2-Hydroxymethylpyrrolid-1-yl]-2,4-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

dimethyl-1-pentanoic Acid (12, Table 2, Entry D). To 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

a coo 1 e d ( - 10 0 ° C) so· 1 u ti on of 1 i th i um eno 1 ate derived 

from 3.129 g (19.9 mmol) of hydroxy-amide ~~ in THF-HMPA 

was added 2.54 mL (4.04 g, 2.19 mmol) of iso-butyl iodide. 

The reaction mixture was slowly warmed to -40°C over 10 h, 

then quenched with water. The standard isolation 

procedure, partitioning between ether-brine and extraction 

with three portions of methylene chloride, afforded after 

chromatography on silica gel (250 g, ethyl acetate) 

3.56 g (84%) of amide 12 as a clear liquid: IR (neat) 
~ ..... 

3390, 2955, 2930 (sh), 2865, 1630 (sh), 1610, 1458, 

·l 1 1430 cm ; H NMR (CDC1 3) o· 5,16 (br t, 1, 'O!i_), 4,20 
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(_m, 1, N-C!:!), 3.78-3.33 (m, 4, N, O-CH2), 2.53 Im, 1, 

C(O)-C!:!], 2.22-1.00 (m, 7, C-C!:!z-C, CH3-C!:!-CH3), 1.19 

[d, J = 7 Hz, 3, C(O)-CH-tH3], 0.89 (d, J = 6 Hz, 6, 

CH 3-CH-C!:!3); 13c NMR (CDC1 3) o 178.2 (C=O), 67.1 

(f.HzOH)' 60. 8 (n-fH), 4 7. 8 (_N-CH2)' 42. 7 [C (O) ..-cH-fH2J, 

36.1 {C(O)-f_H], 28.2 (_CH 2), 25.9 (CH3 .. fH-CH 3), 24.5 

CfH 2), 23.o (CH 3-cH-cH3), 22.4 ccH3-cH-fH3), 17.8 I97%, 

(R) c (.O) -CH-CH3J ' 1 7 .1 [ 3%' (S) c (O) --CH-CH3] ; I a.] D 

(diastereomer ratio 97.4:2.6) = -66.6° (~ 12.6, CH 2c1 2). 

VPC analysis (25 m methyl silicone, 150°C) shows two 

peaks at 12.94 (2.4%) and 13.42 min (97.6%). 

Anal. calcd. for c12H23No 2: c, 67.57; H, 10.87; 

N , 6 . 5 7 . Found : C , 6 7 . 4 7 ; H , 1 0 . 91 ; N , 6 . 71 . 

An authentic diastereomeric mixture of 12 and the 

c 2-epimer ~~ was pre-pared by enolization of a sample 

of 12 with LDA (THF, 25°C, 45 min) followed by 

reprotonation with water. The standard isolation 

procedure (methylene chloride) afforded a mixture of 

diastereomers as an amber oil: 13c NMR (CDC1 3) o 177.8 

(C=O)' 66. 4 (CHz-OH)' 60. 8 (N-CH), 4 7. 8 (N-fH2)' 43. 4 

[cs) c coJ -cH-fH 2J, 42. 6 [ (R) c coJ -cH-cH2J, 36. o re (O) -CH), 

2s.o Cf.H 2), 25.9 ccH 3-fH-cH3), 24.4 CfH 2), 22.9 

(CH3-CH-CH3), 22.6 (CH3-CH-fH3), 17.7 {(R)C(Q) .. CH·fH3], 

17.1 [(S)C(O)-CH-fH3]. 

(ZR)-2,4-Dimethyl-l-pentanoic Acid (Table_ 2, Entry D). 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Hydrolysis of 3.36 g (15.8 mmol) of amide 12 in 100 mL 

of 1.0 N HCl afforded after bulb .. to-bulb distillation 1.96 

g (96%) of 2,4-dimethyl pentanoic acid: [a]D = -18.97° 

(neat); [a]D = -21.9° (c 5.39, ether). Lit. 53 [a]D = 

+19.4° (~ 5.23, ether). 

(2R,4S)-1-[(2S)-2-Hydroxymethylpyrrolid-1-yl]-5-
-------------------~-~~~~~----------------------

benzyloxy-2,4-dimethyl-pentanoic Acid (47, Table 2, Entry 
--------------------------~------~-----~-----------------

E). To a cooled (-100°C) solution of lithium enolate 

derived from 3 .132 g ( 19. 9 mmol) of hydroxy amide 15 in 

THF-HMPA was added 6.0 g (20.7 mmol) of (R)-3·benzyloxy-

2-methylpropyl iodide 54 as a 50% THF solution~ 4 The --
mixture was slowly warmed to -40°C over 12 h, then quenched 

with saturated ammonium chloride. The standard isolation 

procedure (ether) afforded after chromatQgraphy on silica 

gel (350 g, ethyl acetate) 3.768 g (59%) of amide 47 as --
a pale yellow oil: IR (neat) 3410, 3100, 3075, 3040, 

2975, 2945, 2880, 1642 (sh), 1618, 1492, 1468, 1460, 
-1 1 1440 cm ; H NMR (CDC1 3) o 7.32 (s, 5, Ar), 5.17 (br s, 

1, OH), 4.47 (s, 2, Ar-c~2 ), 3.50 (m, 1, N-CH), 3.67-

3.23 (m, 6, N, 0-CH2)' 2.70 [m, 1, C(O)-CH], 2.06-1.33 

(m, C~2 , OCH 2-CH-CH3), 1.10 [d, J = 7 Hz, 3, C(O)-CH-C~3 ], 

0.,93 (d, J = 7 Hz, 3, OCH2-cH .. -c~3); 13c NMR (CDCl3) 0 

178.1 (f.=O), 138.5 (Ar), 128.2 (Ar), 127.6 (Ar), 127.5 

(Ar), 76.2 (Ar-fHz), 73.1 (ArCHzQ .. CH2), 67.1 (_~HzOH), 

60.s (N-f.HJ, 47.5 (N-f.H 2), 38.o rcco)-CH-cH2J, 35.7 
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re (O) -cH-cH3J, 31. s cocH2 -cH-cH3), 28. o Cf.H 2), 24. 3 

(CH2), 17.8 (CH 3), 17.6 (CH3); [a]D (diastereomer ratio, 

1.7:95.5:2.8) = -S0.5° (.c 4.4, CH2c1 2). VPC analysis 

(ZS m Methyl Silicone, 180°C) showed peaks at 39.79 

[(2S,4S), 1.8%], 40.83 [(2R,4S), 9S.5%] and 41.42 min 

[(2R,4R), 2.7%]. 

An a 1 . ca 1 cd . for C 19 H 2 9 NO 3 : C , 71 . 4 4 ; . H , 9 . 1 5 . 

Found : C , 71. 2 9 ; H , 9 . 1 0 . 

(2R,4S)-5-Benzyloxy-2,4·dimethylpentanoic Acid 
,..,,.....,......,...,,....,,...,......, ...... ......,.....,......,......, .....,......,......, ...... .....,......, .....,.....,.....,....,.....,....., ..... ....,......, ...... ......,"."'-".....,....., ............. .....,....., .....,....., ......, ...... .....,....., .....,....,......, ..... ......, 

~4_8_, __ T_c:b_I_e __ ~,--~i:t_:_z_E)_· Hydrolysis of S37 mg (1.68 

mmol) of amide 47 in 15 mL of 1.0 N HCl gave 363 mg 

(91%) of carboxylic acid 48: IR (neat) 3450-2350, 1732 --
(sh), 170S, 1603, 1493, 1463 (sh), 14S2 cm-l 1H NMR 

(CDC1 3) o 10.48 (br s, 1, C0 2!:!), 7.30 (s, S, Ar), 4.44 

(s' 2' Ar-C!:!20CH2)' .3. 24 (d, J = 5 Hz' 2' ArCH20CH2)' 

2.52 [m, 1, C(O)-C!:!], 1. 79 (m, 1, OCH2-C!:!), 1.50 (over

lapping d's, J = 7 Hz, 2, CH-CH 2 ~CH), 1.12 [d, J = 7.5 

Hz, 3, C(O)CH-CH3J, 0.93 (d, J = 7 Hz, 3, OCH2-CH-C~3). 

(2R,4R)-1-[(2S)-2-Hydroxylmethylpyrrolid-1-yl]-5-

benzyloxy-2,4-dimethylpentanoic Acid (49, Table 2, 
.....,......,...,,......, ...... ......,......,.....,......,.....,......,......,......,......,.....,......,.....,......,.....,.....,.....,....., ...... .....,......,.....,......,~......,.....,.....,......,.....,.....,.....,...,,......,......,......,.....,.....,......,....,....,....,......,......,......,......,....., 

SS E_i:._t_ry __ F)_· To a cooled ( - 78 °C) solution of mixed lithium-

potass ium enolate derived from 5.869 g (37.4 mmol) of 

hydroxy amide 15 in THF-HMPA was added 11.3 g (39.0 mmol) 

of (S)-3-benzyloxyl-2-methylpropyl iodide 54 as a 50% 

THF solution. The mixture was stirred at ~78PC for 6 h, 
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then quenched with saturated ammonium chloride solution. 

The standard isolation procedure (hexane) afforded after 

chromatography on silica gel (300 g, ethyl acetate) 

9.261 g (78%) of amide ~~as a colorless oil: IR (neat) 

3400, 3070, 3035, 2985, 2940, 2880, 1640 (sh), 1617, 

1480 (sh), 1440 cm- 1 ; 1H NMR (CDC1 3) o 7.29 (s, 5, Ar), 

5.12 (br s, 1, OH), 4.44 (s, 2, ArCH20), 4.14 (m, 1, 

N - C!:!) , 3 . 6 7 - 3 . 2 4 ( m , 4 , N , 0 -·cH 2 ) , 3 . 2 9 ( d , J = 5 Hz , 2 , 

ArCHzOCH2), 2.68 [m, 1, C(O)CH], 2.09-1.44 (m, 6, c~2)' 

1.44-1.0 (m, 1, OCH2-CH), 1.12 fd, J = 7 Hz, 3, C(O)-CH-c~3 ], 

0.96 (d, J = 6.5 Hz; 3, OCH2-CH-CH3); 13c NMR (CDCl3) 0 

178.0 (f=O), 138;6 (Ar), 128.2 (Ar), 127.6 (Ar), 127.5 

(Ar), 75.7 (Ar~H2)' 73.0 (ArCH20fH2), 67.3 (fH20H), 60.9 

(N-fH), 47.6 (N-CH2)' 37.8 (HC-CH2-CH)' 35.8 [C(O)-~H], 

31.4 (OCH 2-CH), 28.1. (fH2), 24.3 (CH 2), 18.0 (overlapping 

CH3); [a]D = -50.0° (£ 5.2, CH 2c1 2). VPC analysis (15 m 

Carbowax, 210°C) showed peaks at 28.14 [(2S,4R), 1.8%], 

27.36 f(2R,4S), 5.L%] and 28.87 min {(2R,4R), 92.9%]. 

Anal. calcd. for c 19H29 No 3 : C, 71.44; H, 9.15. 

Found: C , 71 . 4 8 ; H, 9 . 0 7 . 

(2R,4R)-1-[(2S)-2-Hydroxymethylpyrrolid-1-yl]-2,4-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

dimethylhept-6-enoic Acid (SO, Table 2, Entry G). To a 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

cooled (-78°C) solution of mixed lithium-potassium 

enolate derived from 2.711 g (17.3 mmol) of hydroxy-amide 

15 in THF-HMPA was added 3.89 g (18.5 mmol) of (R)-1 ... 
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iodo-2-methyl-4-pentene 56 as a 50% THF solution. The 

mixture was stirred at -78°C for 6 h, then quenched with 

saturated ammonium chloridee The standard isolation 

procedure, partitioning between hexane-brine and extraction 

with two portions of ether, afforded after chromatography 

on silica gel (300 g, ethyl acetate) 2.13S g (52%) of 

amide SO as a yellow liquid: IR (neat) 3400, 3082, 2970, 

2940, 2920, 2880, 1640 (sh), 1620, 1460, 1437 cm-l 1H 

NMR (CDC1 3) o 6.03-S.53 (m, 1, C=CH), 5.23-4.83 (m, 2, 

H2C=C), 4.22 (m, 1, N-C~), 3.73-3.37 (m, 4, N, 0-CH2)' 

2.69 [m, 1, C(O)-CH]' 2.22-1.0 (m, 9, CH, c~2)' 1.13 

[d, J = 7 Hz, 3, C(O)-CH-C!i_3), 0.87 (d, J = 6 Hz, 3, 
13 C!!3); C NMR (CDC1 3) o 178.0 (f=O), 136._9 (H 2C=CH), 

115.9 (CHz=CH), 67.2 (~Hz-OH), 60.8 (N-CH), 47.8 (N-~Hz), 

41.3 (CH-~Hz)' 40.5 (CH-fH2)' 35.7 [C(O)-~H], 30.4 

(CHz-~H-CHz), 28.1 (CHz), Z4.4 (~Hz), 19.7 (CH3), 18.2 

[C(O)-CH-~H 3 ]; [a]D (diastereomer ratio, 91.9:2.8:5.3) = 

-67.2° (£ 3.59, CHzC1 2). VPC analysis (SO m Carbowax, 

li5°C) showed peaks at 38.71 [(ZR,4R), 91.3%], 39.lZ 

[(ZS,4R), 3.0%], and 39.71 min [(2R,4S), 5.7%]. 

Anal. calcd. for c14H25No 2 : C, 70.ZS; H, 10.53. 

Found: C, 69.31; H, 10.43. 

An authentic diastereomeric mixture (2R,2S) of amide 

50 was prepared by enolization of a sample of ZR-amide 

with LDA (THF, 25°C, 15 min) followed by reprotonation 
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with ammonium chloride solutiono The standard isolation 

procedure (methylene chloride) afforded a mixture of 

diastereomeric amides as an amber liquid: 13c NMR 

(CDC1 3) o 178.0, 136.9, 115.9, 67.1, 61.0, 60.8, 47.8, 

41.5, 41.3, 40.9, 40.5, 35.9, 35.7, 30.7, 30.5, 28.1, 

2 4 . 4 , 19 . 8 , 1 9 . 5 , 18 . 3 [ ( R) , C ( 0) - CH - f_H 3 ] , 16 . 8 [ ( S ) , 

C(O)-CHf_H 3]. 

(2R)-l-[(2S)-2-Hydroxymethylpyrrolid-l-yl]-2-methyl-
,....,...., ............... ~,,,..,,,,..,....,....,,,,..,,..,,,,..,,,,..,.....,....,~....,,....,,....,....,....,,,,..,~....,~~ ...... --- ..... ....,--- ...... ....,.....,,....,,,,..,~....,....,....,,,,..,....,....,....,~....,....,....,,,,..,~...., 

pent-4-enoic Acid (51, Table 2, Entry H). To a cooled 
,,,.., ....,...., ....,,,,.., ...... ,_,,. ....... """,.,,,,,,,.., ...., ...., ..,.,.., ,,,.., ,,,.., ....,...., ..... """'....., ....... ...., ...., -w"""' -- ....... ...., .,.., ...., ...., ...,, ....,,...., ...., .._,,......,...,, ....... 

(-100°C) solution of lithium enolate derived from 6.88 g 

(43.8 mmol) of hydroxy-amide 15 in THF-HMPA was added 

4.2 mL (5.87 g, 48.5 mmol) of allyl bromide. The 

reaction mixture was slowly warmed to -70°C over 6 h, then 

quenched with saturated ammonium chloride solution. The 

standard isolation procedure, partitioning between ether

brine and extraction with three portions of methylene 

chloride, afforded after chromatography on silica gel 

(350 g, ethyl acetate) 8.50 g (98%) of amide 51 as a pale 

yellow liquid: IR (CHC1 3) 3350, 3075, 2975, 2875, 1615 

(sh), 1605, 1457, 1435, 1330 cm- 1 ; 1H NMR (CDC1 3) o 
6.11-5.50 (m, 1, H2C=CH), 5.20-4.87 (m, 3, HzC=CH, O~), 

4.19 (m, 1, N-C~), 3.73-3.28 (m, 4, N, 0-C~z), 2.83-1.50 

[m, 7, C(O)-C!:!_), C-C~z-C], L16 (d, J = 7 Hz, 3, CH-CH3); 
13 C NMR (CDC 1 3) o 1 7 7 . 1 ( f. = 0) , 13 6 . 0 (Hz C = f_H) , 11 6 . 6 

(H 2C=f_H), 66.8 (f_H 20H), 60.8 (N-f_H), 47.8 (N-fH 2), 38ol 
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[c(o)-f_H-cH2J, 37.8 [C(O)-_g_H ... _g_H 2J, 28'!2 c_g_H 2), 24.4 

C~H 2 ), 11. 3 [96%, CR) -cH-~H3 ), 16. 6 I 4%, cs) ~cH-_g_H3 J; 
[a] 0 (diastereomer ratio 96.5:3.5) = -84.9° (c 15.27, 

CH2c1 2). VPC analysis (-OTMS derivative, SO m Carbowax, 

190°C) shows two peaks at 5.62 (96.2%) and 5.71 min 

(308%)0 

Anal. calcd. for c 11H19 No 2: C, 66.97; H, 9.71. 

Found: C, 6 7. 2 2; H, 9. 51. 

(R)-2-Methyl-l-pent-4-enoic Acid (Table 2, Entry H). 
,....,,,...,....,, .............. ,....,.....,....,_,,....,, ....... ,...,....,,_,,-..,,,..,,....,,.,,,...., ................................. _,, ....... ~ ...................................... ....,, ...... ,.,.,, ...... .., .............. ....,, ....... ...,,...., ............................ ....,, ....... -..,, 

Hydrolysis of 8.49 g (43.1 mmol) of amide 51 in 220 mL 

of 1.0 N HCl afforded 4.39 g (89%) of 2-methyl-l-pent-
S7 . 58 · 4-enoic acid: [a] 0 = -7.62° (neat). Lit. [a] 0 = 

+8. 24° (neat). 

(ZR)-1-[(ZS)-2-Hydroxymethylpyrrolid-l-yl]-2-methyl-
....... ....,, ............. ,....,,,....,"',....,,....., .............. .....,,...,...._ ....... ,..,"',...., ,,,,..,,....,, ..... ,..., .............. ,....,_,, .............. "' .............. ,,...,,...,..._,,....,, ._... ...... ~ ......,.,...,, ................................................ ...,....,, ............. ...., 

3-phenylpropionic Acid (52, Table 2, Entry I). To a 
,..., .............. ....,, ....... ,,..,,,..._ .................... _,,-.,.,,.....,....,...,,,.., ....,, ................................... _,....,,,.,, ...., ...... _..,, ....... ....,....,.....;....,,,,,.., ............. ,,,.., .......................................... ,...,..., ....... 

solution (25°C) of lithium enolate derived from 1.498 g 

(9.54 mmol) of hydroxy-amide 15 in THF was added 1.25 
'1"-

mL (1.80 g, 10.5 mmol) of benzyl bromide. After 6 h at 

25°C the reaction mixture was quenched with water. The 

standard isolation procedure, partitio~ing between 

ether-brine and extraction with two portions of methyl 

chloride, afforded after chromatography on silica gel 

(EtOAc) 1. 760 g (75%) of amide 52 as a pale yellow 

liquid: IR (neat) 3400, 3095, 3060, 3035, 2975, 2940, 

28 80, 1638 (sh), 1617, 148 5, 1440 cm .-l; 1H NMR (CDCl 3) o 
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7. 21 (b r s , 5, Ar) , 5. 1 7 (b r s , 1 , O!:i) , 4. 0 9 (b r m, 1 , 

N- C£!), 3.67-2.50 fm, 7, Ar, N, O-C!:!2), C(O)-C£!], 2.0-

1.33 (m, 4, C-C!:!2-c), 1.17 (overlapping d's; J = 6 Hz, 
13 3, CH-C!:!3); C NMR (CDC1 3) o· 1-7.0 (f.=O), 139.7 (Ar), 

128.9 (Ar), 128.3 (Ar), 126.3 (Ar), 66.6 (f_H 20H), 60.6 

(N-fH), 47.7 (N-CH2), 40.S [overlapping C(O)-CH-f_H 2J, 

27.8 CfH2), 24.o (f.H 2), 17.9 [(R)-CH-cH 3], 17.z [(S)-CH-f.H 3]; 

[a]D (diastereomer ratio 89.9:10.1) = -102.5° (c 3.0, 

CH 2c1 2). VPC analysis (-OTMS derivative, 25 m methyl

dilicone, 195°C) shows two peaks at 8.49 (87.6%) and 8.68 

min (12.4%). 

Anal. calcd. for c15H21 No 2 : C, 72.84; H, 8.56; N, 

5 . 6 6 . Found : C , 7 2 . 8 8 ; H , 8 . 6 3 ; N , 5 . 7 0 . 

An authentic diastereomeric mixture (ZR, ZS) of 

1-[(2S)-2-hydroxymethylpyrrolid-1-yl]-2-methyl-3-phenyl-

propionic acid was prepared by enolization of a sample 

amide 52 with LDA (THF, 0°C, 40 min) followed by reprotona-

tion with ammonium chloride. The standard isolation 

procedure (methylene chloride) afforded a mixture of 

diastereomers as an amber oil: 13c NMR (CDC1 3) c 177.1 

(s, f.=O), 139. 5 (s, Ar), 128. 8 (d, Ar), 128. 7 (d, Ar), 

128.1 (d, Ar), 126.2 (d, Ar), 67.2 (t, f.H2-0H), 66.9 

(t, fH 2-0H), 61.1 (d, N-fH), 60.8 (d, N-fH), 47.7 (t, 

N - c H 2 ) ' 41. 1 I c ( 0) - c H .. f.H 2 J ' 4 0 . 7 I c ( 0) - f.H - f.H 2 J ' 4 0 . 5 

[ C ( 0) -f H - CH 2] , 2 8 . 1 ( t , CH 2) , 2 8 . 0 ( t , CH z) , 2 4 . 3 ( t , f.H z) , 
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24.1 Ct, fH 2), 17.9 [q, C.R)~cH ... f.H 3J, 17.2 Iq, (S)~CH-f.H 3J. 
(R)-2-Methyl-3-phenylpropionic Acid (Table 2, Entry I) . 
...,,.....,....,....,....,....,,,,... ............................. .....,...., ...... ,,,.......,~~....,~....,....,~,,,.......,....,~ ............ ....,~....,,,,......,, ...... ~ .... ...., ............ ...,,....,....,....,....,,,,.......,...,,....,....,....,~ 

Hydrolysis of 1.663 g (6.7 nnnol) of amide 52 in 35 mL of 

1.0 N HCl afforded 1.02 g (92%) of 2-methyl-3-phenyl-
57 59 propionic acid: [a]D = -18.9° (neat). Lit. fa]D = 

-2502° (neat)o 

(2S)-l-[(2S)-2-Hydroxymethyl-pyrrolid-l-yl]-2-methyl-
....,...., ...... ~ ....,,,,,......., ....,....,...,, ......,...., ...., ....,.., .., ....,...., ....,....,...., -.,,, *V...,,"!V.,..,,...., '!'w'4'.J ....,....., ....,...., '!"W...., ...... ...,,.., ...... ...., ............ ...., ...... ....,...., ...., ............ ....,...,, ...., ...., 

1-butanoic Acid (29, Table 2, Entry J). To a cooled 
....,....., ...... ....,,,,.,,,, ........................ ...., ............ ...,, ,,,.......,...., ...., ...,,,,,,.,,,,,..,, ....... ....,...., ....,...., ...... ....,....,~ ............. ....,.,., ~_.., ....,...., ....... 

(-100°C) solution of lithium enolate derived from 2.128 g 

(12.4 mmol) of hydroxy-amide 16 in THF-HMPA was added 

0.85 mL (1.94 g, 13.6 mmol) of methyl iodide. The 

stirred mixture was slowly warmed to -30°C over 12 h, 

then quenched with saturated ammonium chloride solution. 

The standard isolation procedure, partitioning between 

ether-brine and extraction with three portions of 

methylene chloride, afforded after filtration through 

silica gel (200 g, ethyl acetate) 2.268 g (98%) of amide 

~~as a yellow oil: IR (neat) 3390, 2960, 2935, 2875, 

1630 (sh), 1610, 1460, 1430 cm- 1 ; 1H NMR (CDC1 3) o 

5. 16 (b r t, 1, OH) , 4. 16 (m, 1, N ... C!:!) , 3. 7 2 - 3. 2 2 (m, 4 , 

N, 0-CHz)' 2.44 [m, 1, C(O)-CH]' 2.11-1.22 (m, 6, C-CH2-C)' 

1.09 (d, J = 7 Hz, 3, CH-~H 3 ), 0.90 (t, J = 7 Hz, 3, 

CHz-CH3); 13c NMR (CDCl3) o" 177. 7 (_C=O), 67 .4 (CHz-OH)' 

61.0 (N-f_H)' 47.9 (N-f.Hz)' 39.6 !C(O)-f_H]' 28.1 (CH2)' 

21.2 [94%, csJ-CH-cH2J, 26.s I6%, CR)-CH-cH 2J, 24.3 Cf_H 2), 
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16. 5 (CH-CH 3), 11. 7 (CH2-cH3); Ia]D (diastereomer ratio = 

94.8:5.2) = -27.32° (£ 9.8, CH2c1 2). VPC analysis (25 m 

Carbowax, 160°C) shows two peaks at llo87 (S.8%) and 

12.44 min (94.2%). 

Anal. calcd. for c10H19No 2: C, 64.83; H, 10.34. 

Found: C, 6 4. 91; H, 10 . 3 9 . 

(S)-2-Methylbutanoic Acid. Hydrolysis of 2.09 g 
-.,.,,...,..,.......,,,..., .................................... .,,..,,..,,...,,..., .,,..,.,,.., ,..., .................. .,,..,_.,,,,...,,..., 

(11.3 rnmol) of amide 29 in 60 mL of 1.0 ~ HCl afforded 

after bulb-to-bulb distillation 1.11 g (96%) of 2-methyl

butanoic acid: IaJD = +17.0° (neat). Lit. 51 [a]D = 

+19.6° (neat). 

l-[2-Hydroxymethylpyrrolid-l-yl]-4-methylpentanoic 
........................ ,...,.,,,,,,..., ............ .,,..,.,,.., ................. ,,,...,....,,...,....., ...... .,,..,, ............................................................... ..,,,,..., *"W....,...., ................. ,..., ............ .,,..., ...... ,...,,.,.,, .............. .,,..,.,,..,,..., 

Acid (18). To a solution (25°C) of lithium enolate 

derived from 913 mg (6.4 mmol) of hydroxy-amide 20 in 

THF-HMPA was added o .• 85 mL (1. 35 g, 7. 5 mmol) of iso-

butyl · iodide. The resulting mixture was stirred at 25°C 

for 12 h, then quenched with water. The standard 

isolation procedure, partitioning between ether-brine and 

extraction with three portions of methylene chloride, 

afforded a mixture of alkylation products. Chromatography 

on silica gel (150 g, ethyl acetate) and bulb-to-bulb 

distillation afforded 780 mg (61%) of hydroxy-amide 18 

as a colorless liquid: IR (_neat) 3400, 2950, 2865, 1610, 

1435 -1 cm 1H NMR (CDC1 3) 5 5.10 (br s, 1, OH), 4ol7 

(m, 1, N-C!:!), 3. 78.-3.33 (m, 4, N, O-CH 2), 2.44-1.39 (m, 
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10, CH2)' 0.91 (d, J = 6.5 Hz, 6, CH3). 

Anal. calcd. for c11H21 N0 2 : C, 66.30; H, 10.62. 

Found: C, 66.07; H, 10.54. 

(2S)-l-I(2S)-2-Hydroxymethylpyrrolid-l-yl]-2,4-
,..., ...... ~~~ ....... ...,~ .......................... ~ ...... ,,..,~ ...... ,...,~~~~~~~~~....,~~~~...,.....,~ ............................ ~...,..., ...... ~~,.,.,,,.., 

dimethylpentanoic Acid (46, Table 7, Entry 3). To a 
,,,..,..., ......,.._,,,......, ....... ,,.., .............. ..,,_,,, ....... ,,..,,...,,,..,...,......,,._...,"""....,,""""',...,,,.., .,,,,....,~ ...... .,,..,,,,.,. ....... ~~..,, ,.,.,,~ ,...,...,, ....... ..,, ...,,,.., .....,,,.., ...... 

cooled (-100°C) solution of lithium enolate derived from 

780 mg (3.92 mmol) of hydroxy-amide 18 in THF-HMPA was 

added 0.3 mL (0.68 g, 4.8 mmol) of methyl iodide. The 

resulting mixture was slowly warmed to -40°C over 10 h, 

then quenched with water. The standard isolation 

procedure (methylene chloride) afforded after chromatography 

on silica gel (200 g, ethyl acetate) 767 mg (92%) amide 46: 

IR (neat) 3390, 2955, 2930, 2870, 1635 (sh), 1612, 1460, 
-1 1 1432 cm ; H NMR (CDC1 3) o 5.17 (br s, 1, OH), 4.19 

(m, 1, N-C!:!), 3.72-3.29 (m, 4, N, 0-CHz), 2.63 [m, 1, 

C(O)-CH], 2.17-1.11 (m, 7, CH2 , CH), 1.11 fd, J = 6.5 Hz, 

(R)C(O)-CH-CH 3], 1.08 [d, J = 6.5 Hz, 3, (S)C(O)-CH-CH 3], 

0.88 (d, J = 5.5 Hz, 6, C~3-CH-CH3); 13c NMR (CDCl3) 0 

178.0 (C=O), 66.9 (CH2-0H), 60.9 (N-CH)' 47.4 (N-fH2), 

43.4 [C(O)-CH-fHz], 36.0 [C(O)-CH], 28.2 (fH2), 25.8 

(CH3-fH-CH 3), 24.4 (CH 2), 22.9 (CH 3-CH-CH3), 22.6 

(CH 3-CH-CH3), 17.8 [(R)C(O)-CHCH3 , minor], 17.1 [(S)C(O)CHfH3, 

major]. VPC analysis (OTMS derivative, 22 m methyl silicone, 

150°C) showed two peaks at 11.98 (ZS, 90.4%) and 12,25 min 

(ZR, 9.6%). 



Anal. calcd. for c12H23No 2: C, 67.57; H, 10087. 

Found: C, 67.35; H, 10.79. 

~~ ~ r ~ ~ 5 ~ ~~ _ ~ ! _ ~~~ ~: _ ~~ ~ ~ ~ 5 ~: ~ _ ~~ ~ ~ ~ ~· ~: ~ ~~ _ ~ ~ :~ _: ~ ~: ~ ~ 5r ~: 
lithium. To a cooled solution (~78°C) of 3.2 mL (3.0 

mmol) of sec-butyllithium in 10 mL of THF was added 0.44 

mL (0.43 g, 3.3 mmol) of diethylpropionamide. The 

resulting solution was stirred at -78°C for 10 min 

followed by addition of 0.52 mL of diisopropylamide 

and 3.1 mL (3.1 mmol) of a 1.0 ~solution of tert-butyl

dimethylsilylchloride in THF. The mixture was warmed 

to 25°C and stirred for 1 h. The reaction mixture was 

concentrated in vacuo with protection from moisture, 

then filtered to afford a mixture of silyl enol ether 

and C-silylated amide as a pale yellow liquid: 90 MHz 
1H NMR (CC1 4) cS 3.52' (q_, J = 7 Hz, C=C!!), 3.47-3.0 

(m, C-silyl and starting amide), 2.72 (q, J = 7 Hz, 

N-CH2), 2.19 (q, J = 7.5 Hz, starting amide), 1.4 (d, 

J = 7 Hz, C=CHC!!3), 1.20-0.67 (m). 

Enolization With LDA. To a cooled solution (0°C) 

of LDA in 5 mL of THF was added 0.22 mL (0.21 g, 1.6 

mmol) of diethylpropionamide. The solution was stirred 

at 0°C for 10 min followed by addition of 0.27 mL of 

HMPA and 1. 6 mL (1. 6 mmol) of a 1. 0 M solution of tert .. 

butyldimethylsilyl chloride in THF. The solution was 

warmed to 25°C and stirred 1 h_ The mixture was con .. 
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centrated in vacuo with protection from moisture, then 

filtered to afford silyl enol ether as a colorless 

liquid: 90 MHz lH NMR (CC1 4) a 3.52 (q, J = 7 Hz, 1' 

C=C!!) , 2.72 (q' J = 7 Hz, 4' N.-~H 2 ), 2.56 (d, J = 9 Hz, 

HMPA), 1. 40 (d' J = 7 Hz, 3, CHC!:!3) , 0.87 (s' 9' !_-Bu) , 

0.87 (t, J = 7 Hz, 6 · 
' 

NCH 2 C!:!3) , -0.09 (s' 3, SiC!:!3). 

General Procedure for the Observation of Lithium 
13 Enolates by C NMR. To a dried, argon flushed 10 mm 

~~~~~~~~~~~~~~~~~~~ 

NMR tube was added 1.0 equiv of the appropriate base 

in THF. To the solution was added 1.0 equiv of 3- 13c

pyrrolid-l-yl propionamide. 13c NMR was recorded at 

35°C using 10% c6n6 as an internal lock. 

l-[2~(Dihexylboroxymethyl)-pyrrolid-l-yl]-propionic 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Acid (22). To a solution of 1.80 g (11.5 mmol) of 

hydroxyamide 15 in 15 mL of benzene was.added 3.1 mL 

(2.6 g, 12.0 mmol) of dihexylchloroborane. 41 The 

resulting mixture was stirred at 25°C for 1.5 h with 

evolution of HCl noted. The mixture was concentrated 

under aspirator vacuum with protection from moisture. 

The residue was diluted with 5 mL of benzene and con-

centrated to give amide 22 as a pale yellow liquid: 

13c NMR (CDCl3) 0 173 (C=O)' 65 (O-f.H2)' 58 (N-g_H)' 48 

(N-CHz), 32 (sh), 32, 27, 24, 23, 20, 14 (CH3), 9 

[C(O)CH2fH 3]. NOTE: This procedure is not recommended 

due to the difficulty in removing traces of HCl. 
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1- [2-(Dicyclohexylboroxy,methyl)-pyrrolid-1-yl] -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

propionic Acid (24). To a solution of 856 mg (4.8 
~~~~~~~~~~~~~~~~~~~ 

mmol) of dicyclohexylborane in 20 mL of THF was added 

747 mg (4.8 mmol) of hydroxyamide 15. Upon cessation 

of gas evolution the solution was concentrated to 

giv.e amide 24 as a colorless liquid: 13c NMR (CDC1 3) o 

172.5 (f.=O), 64.5 (O-CH2), 57.5 (N-CH), 47.5 (N-f.H2), 

28.2, 27.5, 27.1, 27.0, 24.3 "(fH2-CH3), 8.9 (CH2f.H3). 

l-[2-(Dicyclopentylboroxymethyl)-pyrrolid-1-yl]-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

propionic Acid (25). To a solution of 429 mg (2.7 mmol) 
~~~~~~~~~~~~~~~~~~~ 

of hydroxyamide 15 in benzene was cautiously added 

100 mg (4.2 rnmol) of sodium hydride (oil-free). Upon 

cessation of gas evolution 0.51 mL (0.51 g, 2.8 mmol) 

of dicyclopentylchloroborane 41 was added to the slurry. 

Additional gas evolution was noted. The resulting 

mixture was stirred for several hours with eventual 

solution of the slurry and formation of a new white 

precipitate. The mixture was filtered under an inert 

atmosphere using Schlenk apparatus. The clear filtrate 

was concentrated to give ~~ as a clear liquid: 1H NMR 

(CDCl3) 0 4.8-4.2 (m, 1, N-CH), 4.2-3.5 (m, 4, N, 0-CH2), 

2o73 (q, J = 7.5 Hz, 2, CH 2CH3), 2.3-1.9 (m, 4, C~2 ), 

1.9-1.0 (m, 18), 1.31 (t, J = 7~5 Hz, 3, CH2CH3); 13c 

NMR (CDC1 3) o 176 (C=O), 64 (O-f_H 2), 61 (N-CH), 49 

( N - CH 2 ) , 2 8 , 2 8 ( sh) , 2 7 , 2 4 (f_H 2 - CH 3) , 1 0 ( f H 3) . 
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General Procedures for the Diastereoselective 

Alkylation of Borate Derivatives, Preparation of 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~!~~~~~~-~~~~~:!~r!~~~~!r!~~~~:· A slurry of l.O 

equiv of potassium hydride in mineral oil was washed 

with four portions of pentane to remove the oil. To 

the residue was added a sufficient volume of THF to 

afford a 0.5-1.0 M solution upon addiiton of 1.0 equiv 

of hexamethyldisilylazide. The resulting mixture was 

stirred until gas evolution ceases then permitted to 

stand undisturbed for 8-10 h. The supernatant was 

used as a standard solution. 

Ate-Complex Alkylation Conditons. To a stirred 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

solution of 1.1 equiv of the appropriate base in THF 

(0.1-0 .. 5 M) was added 1.0 equiv of amide derivative. 

The resulting solution was stirred for 10-30 min 

followed by addition of HMPA. The mixture was cooled 

to the appropriate alkylation temperature and 1.1-1.5 

equiv of ethyl iodide was added dropwise. The 

reaction mixture was stirred 6-12 h. 

Oxidative Isolation Procedure. The resulting 

reaction mixture was quenched by addition of water 

followed by 10 equiv each of 10% aqueous NaOH and 30% 

H2o2. The mixture was stirred until gas evolution 

ceases (1-2 h) then partitioned between methylene 

chloride and brine. The aqueous layer was extracted 
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with 2-3 portions of methylene chloride. The combined 

organic extracts were dried (Na 2so4) and concentrated 

in vacuo. Filtration through silica afforded the 

alkylation product which was analyzed by gas chroma~ 

tography. 

1~[2(S)-Methoxymethylpyrrolid~l-yl]-propionic Acid 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(30)oSa To a solution (0°C) of 3.573 g (22.8 mmol) 

of hydroxyamide ~~ in 50 mL of THF was cautiously 

added 1.0 g (4.2 mmol) of sodium hydride (oil-free)~ 

Upon cessation of gas evolution the resulting slurry 

was warmed to 25°C. Addition of 2.2 mL (33.4 mmol) 

of methyl iodide results in first partial solution 

then formation of a new white precipitate. The 

resulting mixture was stirred for 15 h then carefully 

quenched by addition to water. The mixture was 

partitioned between ether-brine and the aqueous phase 

extracted with two portions of ether. The combined 

organics were dried (MgS04) and concentrated. 

Chromatography on silica gel (ethyl acetate) and bulb

to-bulb distillation affords 2.869 g (74%) of methyl 

ether 30 as a colorless liquid: IR (CHC1 3) 3000, 2990, 

2940, 2875, 1627, 1457, 1444 (sh), 1428, 1107 cm- 1 ; 

1H NMR (_CDCl 3) o 4. 3 7'"' 3. 93 (m, 1, N--C!:!) , 3. 6 7 -3. 17 

(_m, 4, N, O-C!!.2)' 3. 32 (_s, 3, OC!!_3)' 2. 23 (q, J = 8 

Hz, 2, C!!.2CH3), 2.07~1.77 (m, 4, CHz), 1.12 (t, J = 
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13 8 Hz, 3, CH2C!!3); c NMR (CDCl3) cS 172.8 (C=O), 72.5 

(OfH3)' 60.0 (OCH2)' 56.4 (N-fH)' 47.2 (N .. fH2)' 28.1 

(CH 2), 27.5 ccH 2), 24.2 C_g_H 2cH3), 8.9 ccH2fH 3). 

l-[(2S)-Methoxyethoxymethoxymethylpyrrolid-l-yl]-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~!~~~~~~~-~~~~-f~~!· To a cooled (0°C) slurry of 1.25 g 

(52.1 mmol) of oil-free sodium hydride in 60 mL of 

THF was slowly added a THF solution of 4.89 g (31.1 

mmol) of hydroxy-amide 15. The resulting mixture was 

stirred until gas evolution ceases, then warmed to 

25°C and 5.3 mL (5.7 g, 46.4 mmol) of MEM-chloride 

was added. The reaction mixture was stirred at 25°C 

for 10 h then carefully quenched with water. The 

mixture was partitioned between methylene chloride

brine and the aqueous phase extracted with two portions 

of methylene chloride. The combined organics were 

dried (Na 2so4) and concentrated (in vacuo). Bulb-to

bulb distillation (bp 110 °, < 0. 001 mm) afforded 7 .14 g 

(94%) MEM ether 32 as a colorless liquid: IR (CC1 4) 

2982, 2945, 2882, 2820, 1648, 1460, 1448, 1420 cm- 1 ; 1H NMR 

(CDC1 3) c5 4.64 (s, 2, 0-C!:!_2-0), 4.37-3.88 (m, 1, N-CH), 3.78-

3.28 (m, 8, N, 0-C!:!_2), 3.36 (s, 3, OCH 3), 2.26 (overlapping 

q, J 1 = 7 Hz, 2, C!:!_2-cH3), 2.06-1.78 (m, 4, C!:!.2), 1.11 (over

lapping t, J = 7 Hz, 3, CHz.,.C!:!.3); lctJD = .,.59.9° (£ 9.1, CH2Cl2). 

A~al. calcd. for c12H23No 4 : C, 58.75; H, 9.45. 

Found : C , 5 8 . 8 5 ; H , 9 . 4 6 . 
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1- I 2 (S) ,..tert-Butyldimethylsilylo·xymethylpyrrolid-

1-yl]~propionic Acid (33). To a solution of 4.8 g 
-----------------------~-
(30.6 mmol) of hydroxy.-.amide 15 and 5.3 g (77.8 mmol) 

~~ 

of immidazole in 40 mL of DMF was added 5.8 g (38.4 

mmol) of tert-butyldimethylsilyl chloride. The 

resulting mixture was stirred at 25°C for 10 h, then 

partitioned between hexane-brine. The organic phase 

was dried (MgS04) and concentrated in vacuo. 

Chromatography on silica gel (hexane-ethyl acetate) and 

bulb-to-bulb distillation (100°C, . -<0.001 mm) afforded 

8.06 g (97%) of silyl ether 33 as a colorless liquid: 

IR (neat) 2962, 2942, 2865, 1650, 1462, 1422, 1257, 

1100 cm- 1 ; 1H NMR (CDC1 3) o 4.14-3. 72 (m, 1, N-CH), 

3.58 (overlapping d, J 1 = 5 Hz, J 2 = 6 Hz, 2, cg2osi), 

3.51-3.18 (m, 2, N-CH 2), 2.17 (overlapping q, J 1 = 7 

Hz, 2, CH3C!:!.2), 2.04-1.61 (m, 4, CH2), 1.01 (t, J = 

7 Hz, 3, CH 3), 0.78 (s, 9, !-c4g9), .-0.04 (overlapping 

s, 6, SiC!:!_3); [a]D = -63.4° (£ 9.26, CH2Cl2). 

Anal. calcd. for c14H29 No 2si: C, 61.94; H, 10.77. 

Found: C, 61.78; H, 10.85. 

l-[2-Dimethylhydroxymethylpyrrolid-1-yl]-propionic 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Acid (36). To a solution (25°C) of 1.21 g (4.6 mmol) 

of N-propionylproline benzyl ester60 in 50 mL of THF 

was added 3.6 mL (10 rnmol) of a 2.8 M solution of 

methyl magnesiwn bromide in ether. The resulting 
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mixture was stirred for 2 h then quenched with saturated 

aqueous ammonium chloride. The mixture was partitioned 

between methylene chloride and water. The organics 

were dried (Na 2so4) and concentrated in vacuo. 

Chromatography on silica gel (HPLC, 50% ethyl acetate/ 

hexane) afforded 0.36 g (42%) of amide ~~as a pale 

yellow oil: IR (neat) 3300, 2980, 2950, 2885, 1620, 

1465, 1432 -1 1H NMR (CDCl 3) o 6.42 (br s, 1, O~), cm 

4.09 (t, J = 8 Hz, 1, N-CH), 3.8-3.17 (m, 2' N-C!:!2), 

2.39 (q, J = 7.5 Hz, 2, CH 2CH3), 2.23-1.4 (m, 4, C!:!2), 

1.17 ( s, 3, CH 3) .' 1.14 (t, J = 7.5 Hz, 3, CH 2C!:!3), 

1. 03 (s, 3, CH 3); 13c NMR (CDC1 3) 0 175.4 ( s, f.=O), 

73. 4 (s' C-OH)' 68. 0 (d, N-f_H), 48. 8 (t_, N·C!:!z)' 

2 8 . 7 ( t , CH 2) , 2 7 . 9 ( t , CH 2 ) , 2 4 . 5 ( t , f.H 2 CH 3) , 2 3 . 2 

[q, C(CH3)z], 9.2 (q, CHzCH3). 

1-[2-Dimethyl-(tert-butyldimethylsilyloxy)-methyl-

~r::~!~~:!:r!l:r~~E~~~~~-~~~~~i~Z2· To a solution 

(25°C) of 404 mg (2.2 mmol) of hydroxyamide ~~, 450 

mg (6.6 mmol) of imidazole, 1 mg of dimethylamino .. 

pyridine in 2 mL of DMF was added 420 mg (28 mmol) 

of tert-butyldimethylsilyl chloride. The resulting 

mixture was stirred for 24 h. The reaction mixture 

was portioned between hexane~water and the aqueous 

layer extracted with an additional portion of brine . . 

The combined organics were dried (MgS04) and concentrated 
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to afford silyl ether ~Z as a colorless liquid: IR 

(neat) 2968, 2945, 2895, 2870, 1658, 1412, 1255, 
-1 1 1155, 1040 cm ; H NMR (CDC1 3) o 4.2 .. 4,03 (m, 1, 

N-CH), 3.7-3.13 (m, 2' N .. C!i_2), 2.33 (q, J = 7 Hz, 2' 

CH2CH 3), 1.13 Is, 6, C (CH 3) 2J , 1.04 (t, J = 7 Hz, 3, 

CH 2CH 3), 0.77 (s' 9' t .. Bu) , 0.01 ( s' 3, SiC!:!_3) , -0.01 

(s, 3, SiC!i_3). 

2-Hydroxymethyl-5 ... methylpyrrolidine. 23 To a 
~~~~~~~~~~~~~~~~~~~~~N~~~~~~~~~~~~~ 

stirred solution of 2.43 g (18.9 nnnol) of 5·methyl

proline46 and 2.5 mL of boron trifluoride etherate in 

10 mL of THF was added. 22 mL (22 mmol) of a 1. 0 M 

solution of borane in THF dropwise over 1 h. Following 

complete addition the reaction mixture was heated to 

reflux for 2 h. The resulting solution was cooled 

and carefully quenched with 1 mL of 50% aqueous THF 

then 10 rnL of 6 N NaOH. The resulting vigorously 

stirred mixture was heated to reflux for 3 h then 

cooled and stirred for an additional 8 h. The organic 

layer was separated and the aqueous layer extracted 

with three portions of ether. The combined organics 

were dried (K 2co3) and concentrated to afford 1.58 g 

(73%) of 2-hydroxymethyl-5-methylpyrrolidine as a 

clear liquid: IR (neat) 3300, 2975, 2890, 1462, 

1387, 1070 cm- 1 ; 1H NMR (CDC1 3) o 3.6-2.8 (overlapping 

m, 6), L9-1.l (m, 4), 1.04 (d, J = 6 Hz, 3, C!i_3). 
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l-{2-Hydroxymethyl-5-methylpyrrolid~l-yl]~propionic 
~~~~~~~~~~~~~~~~~~~~~~~~~~N~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~-i~~!-~~l· Following the general procedure 

acylation of 3.0 g (26 mmol) of 2-hydroxymethyl-5-

methylpyrrolidine with 3.7 mL (3.8 g, 29 mmol) of 

propionic anhydride affords a mixture of cis and 

trans-amides 38 and 40. Chromatography on silica gel 

(ethyl acetate) gave pure amide 38 as a colorless --
liquid: IR (neat) 3400, 2980, 2950, 2885, 1620, 

1470, 1460, 1430 cm- 1 ; 1H NMR (CDC1 3) o 5.66-5.42 

(br d, 1, OH), 4.29-3.82 (m, 2, N-CH), 3.70 (br d of d, 

2, o-c~2), 2.33 [q, J = 8 Hz, 2, C(O)CH2), 2.16-1.39 

(m, 4, c~2), 1.19 (d, J = 8 Hz, 3, CHC!:h)' 1.15 (t, 

J = 8 Hz, 3, CHzC~3). 

Anal. calcd. for c 9H17No 2: C, 63.13; H, 10.01. 

Found: C, 63.05; H, 10.00. 

l-[2-(tert-Butyldimethylsilyoxymethyl-5-methyl-

pyrrolid-1-yl]-propionic Acid (39, 41). To a solution 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(25°C) of 0.60 g (3.5 mmol) of hydroxyamides 38 and 

40 in 5 mL of DMF was added 0.95 g (14 mmol) of 

imidazole and 1.1 g (7.2 mmol) of tert-butyldimethyl

silyl chloride. The resulting solution was stirred 

for 13 h then portioned between hexane-water. The 

aqueous layer was extracted with an additional 

portion of hexane. The combined organic layers were 

dried and concentrated to afford 0.80 g (80%) of a 



mixture of 39 and 41 as a colorless liquid: IR (neat) 

2965, 2945, 2905, 2895, 2870, 1650, 1415, 1105 cm- 1 ; 

1 H NMR (.CDC 1 3) cS 4 . 16 ... 3 . 18 (.m , 4 , N , 0 ... CH) , 2 . 2 2 

(overlapping q, 2, CH 2CH3), 2.06-1.29 (m, 4, CH 2), 

1.07 (d, J = 8 Hz, 3, CH~CH 3 ), 1.02 (overlapping t, 

3, CH2C~3), 0.78 (s, 9, !-Bu), -0.04 (s, 6, SiCH3). 

VPC analysis (25 m Carbowax ZOM, 180°C) showed two 

peaks at 3.09 (~!' 11.4%) and 3.28 min (~~' 88.6%). 
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VI . APPEND IX I 

Tabulation of Diastereoselective 

Alkylations of Chiral Enolates1 
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PROPOSITION I. 

Approaches to asymmetric synthesis are described, 

focusing on reactions which,in destroying the symmetry of 

a molecule containing a symmetry plane,reveal one or more 

asymmetric centers. 

PROPOSITION II. 

A new approach to reversing the normally observed 

regioselectivity of 4+2 cycloadditions through the use 

of transition metal catalysis is described. 

PROPOSITION III. 

A convergent approach to the synthesis of the macro

bridged macrocyclic alkaloids ephedradine A,B,C, and aphel

andrine is described. The ephedradines, isolated from the 

root of a plant used in oriental folk medicine, possess sign

ificant hypotensive activity. 

PROPOSITION IV. 

Experiments are described to. define the factors which 

control changes in cation binding selectivity as induced by 

reversible chemical changes in the ligand remote to the 

ligating centers. The ligands serve as simple models for · 

selective ion transport catalysis. A simple test for eval-
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uating chiral ligands with regard to the complex dissoc

iation rate is also described. 

PROPOSTION V. 

An approach to the syntheisi of asteltoxin, a mycotoxin 

produced by Aspergillus stelatus, is described. All stereo

centers are efficiently controlled relative to the c3 

carbinol. 
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PROPOSITION I 

Approaches to asymmetric synthesis are described, 

focusing on reactions which in destroying the symmetry of 

a molecule containing a symmetry plane reveal one or more 

asymmetric centers. 

* * * * * * * 

A current trend in organic chemistry is toward the 

synthesis of stereochemically complex natural products. 

Among the common targets are the highly biologically 

active ionophore and polyether antibiotics. 1 The 

synthetic efforts toward these molecules has directed 

a great deal of attention to the control of acyclic 

stereochemistry and new methods of asymmetric induction. 2 

These methods for asymmetric synthesis focus on three 

general areas of: 1) the development of methods used 

in the construction of carbon-hydrogen, carbon~carbon 

and carbon-heteroatom bonds including efficient control 

of absolute configuration at the newly formed centers; 3 

2) the efficient utilization of the asymmetric centers of 

readily available chiral molecules as subunits in the 

conversion to the desired products; 4 and 3) the efficient 

mechanical resolution of small precursor molecules9 5 
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In examining these classes of antibiotics we were 

struck by the fact that in spite of the number of 

asymmetric centers, these structures contain high levels 

of local symmetry in their backbones. The examples 

depicted in Scheme I isolate some of the local elements 

of symmetry which comprise a relatively large portion of 

the target structure. The symmetry within these fragments 

is disrupted, and hence the asymmetry is generated, by 

only differences in oxidation levels of the ends, 

differences in the terminal substituents or by the 

pesence of a substituent remote to the backbone. 

Current approaches to the synthesis of these subunits 

typically rely on mechanical resolution or a linear 

synthetic approach using a naturally occurring chiral 

starting material. 

In addressing this problem we have defined a 

program of asymmetric synthesis focused on reactions 

with molecules containing a symmetry plane, which in 

themselves may or may not create a new stereocenter, 

but which destroy the symmetry of the molecule and 

reveal one or several new asymmetric centers, The 

questions we wish to pursue are illustrated phenomeno

logically by the conversion of either symmetric molecule 

! or 3 to the S~hydroxypropionic acid 3 (Scheme II). 

k . b. h . 6 
Converisons of this type are well nown 1n 1osynt es1s 
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Scheme II 

and are being explored with unnatural substrates using 

enzymatic preparations. 7 Approaches to this in the 

laboratory have, however, had limited success. 8 

If successful, development of this methodology to 

induce asymmetry would represent a simple approach to 

the ionophore antibiotics which both recognizes and 

utilizes the concept of local symmetry in defining con-

vergent bond disconnections. Typically asymmetric 
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reactions set the chirality at only one or two centers 

with each bond construction. Thus, if three independent 

centers are constructed, each with 90% efficiency, the 

overall stereochemical yield is 70%. In the present 

approach asymmetry is revealed at several centers in a 

single bond construction minimizing the number of 

asymmetric reactions that need to be performed and 

offering potential for both high chemical and stereo

chemical yield. Since the substrate is a symmetric 

molecule it should be simple to alter the reaction to 

produce either absolute configuration as needed from 

the same precursor. 

Our approach toward answering the questions posed 

by Scheme II rely on understanding how to control both 

ambident reactivity and stereochemistry. It should be 

possible to develop and apply chiral reagents which 

discriminate between the subtle differences in diastereo

topic transition states to this problem. The four 

transition states in Scheme III serve to illustrate the 

control concepts we wish to employ. These four differ 

with regard to the preferred side of attack lie., 1,2 

diastereoselection, T1 CT 3) vs T2 (T 4)J and the nature of 

the interaction between chiral nucleophile and the 

resident a-substituent IT1 (T 2) vs T3 CT 4), asymmetric 

carbonyl addition]. Both types of stereoselection have 



Scheme III 

T, 
R---L . 
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been successfully exploited in synthesis. In the 

present application, inducing reaction through one of 

the four possible transition states will insure the 

regiochemistry of addition and the preferential formation 

of either 4 or its enantiomer S. A wide variety of 

alternative bond construction modes, can be pursued for 

the realization of this type of enantioselection. For 

our initial investigation into this area we propose to 

examine three general types of bond construction. 

Reaction of a Chiral Nucleophile With a Symmetric 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~!:~!~~~~~!:· This is the process illustrated in 

Scheme II. Our initial investigations will focus on the 

reaction of cyclic anhydrides or the equivalent. Our 

primary focus will be on those bond constructions with 

immediate application to the ionophore antibiotic 

synthesis. The requirements for a successful nucleophile, 

other than those suggestions in Scheme II, will need to 

be determined experimentally. In line with this we will 

examine both the known chiral reagents and from those 

results, if necessary, design our own. 

The acylations of simple chiral alcohols and amines 
9 have met with little success ~ 10 % ee). Chiral hydride 

reducing agents have been examined extensively for 

aldehyde and ketone reductions and in some show high 

selectivity. 3 One particularly promising reagent for 
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the application in equation 1 is the chiral binapthal 

complex developed by Noyori. The reduction of 1,4~ 

cyclopent-2~enedione, which embodies many of the same 

stereochemical problems as the proposed study, proceeds 

with high efficiency (94~96% ee). 10 

( I ) 

A second area of focus will concern the addition 

of stabilized carbanions. Chiral phosphorus 12 and sulfur13 

stabilized carbanions have been explored. Certain of the 

latter cases show particularly high stereoselection. 

Wittig substrates in the achiral series often show 

high regioselectivity in the reaction with ambident 

electrophiles. 14 These addition products ~would permit 

further elaboration as might be required in a Pikromycin 

or similar synthesis (eq 2, 3). 
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0 0 

°U R1 R1 

R20~X 
R1 R1 

( 2) 

6 8 

0 0 

8 ... ( 3) 

R1 R1 

should be applicable to symmetric dienes of the type 

illustrated in equations 4 and 5. One _of the cyclo~ 

propanation catalysts has been successfully applied to 

H 

R~R 
OH 

n= 0, I 

H 

R~R 

R 

OH 
9 

0 
10 

( 4) 

( 5) 
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the symmetric conjugated diene, 2,S~dimethyl~2,4~ 

hexadiene (>60% ee). The present applications can be 

performed in a intramolecular sense and may show even 

higher selectivity. The Sharpless epoxidation procedure 

is reported to be applicable to the kinetic resolution 

of allylic alcohols and hence useful intermediates of 

tye type 9 and ~~ (n1 = 0, 1) should be readily available. 

The substrates illustrated in equation 6 have yet 

to be tested but may well extend the methods for oxy-

metallation and halolactonization to the differentiation 

of symmetric substrates. This approach if successful 

could offer a good deal of generality and flexibility 

R~tj R r? - ~ 

y 

X~Ph 
0 

II 

X=O,NR,CH2 
Y=O,NR 

12 

( 6) 

for the preparation of simple chiral subunits. Potential 

applications of the mandelic acid derived substrates are 

suggested in equations 7 and 8. Removal of the chiral 

auxiliary, protection of the diol and reaction of the 
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( 7) 

13 

~o --
-, ~Ph 

0 
14 

s-BuI 
( 9) 

double.bond could ultimately lead to the functionalized 

dial 13 or furan 14. 

Reaction of a Chiral Electrophile With a Symmetric 

Nucleophile. Electrophilic Olefins and Carbonyls. This 

area of asymmetric synthesis has been largely unexplored. 

We will examine the influence of a resident chiral center 

on the stereochemistry in addition of a secondary or 

allylic carbanion. Even though secondary carbanions are 

(8) 

not planar, the enantiomer forms are readily interconverted 

through a symmetric intermediate. Conceptually these 

ideas are similar to the kinetic Tesolution of a racemic 
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secondary iodide by alkylation of a chiral nucleophile 

(eq 9). 7 Here we attempt to kinetically resolve the 

b 
. 18 car anion . The types of bond construction for initial 

investigation are summarized in equations 10-12 (Xe = 

chiral auxiliary). The substrates we will examine have 

0 
OH 

R1~R3 
R~R 

R,yYRL or .. ( 10) 

RLyRs 
R20 R20 Rs 

M 

0 CH3 0 

~Xe RL~Xc ( 11 ) 

Rs 

( 12) 
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all been shown useful for other types of asymmetric 

induction. Successful development of the present proposal 

should significantly extend their utility. For example, 

equation 12 suggests a way to induce asynunetry while 

cleaving a chiral auxiliary. This could be used 

sequentially after performing equation 11 or another 

independent bond construction. 

Successful development of the simple concepts and 

chemistry described in the research program above should 

find significant application in asynnnetric synthesis. 

The approach employs novel uses of asymmetric reactions 

and will require a thorough study and understanding of 

the factors which control preferential reaction through 

one of . several diastereotopic transition states. 

Development of these concepts should open up numerous 

similar applications. 
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PROPOSITION II 

A new approach to reversing the normally observed 

regioselectivity of 4+2 cycloadditions through the use 

of transition metal catalysis is described. 

* * * * * * * 

The Diels-Alder cycloaddition is perhaps the most 

powerful reaction in the arsenal of the synthetic organic 

chemist for the control of regio- and stereochemistry. 

It has been used as the foundation of innumerable total 

syntheses and as a cornerstone in retro-synthetic 

analysis and synthesis design. 1 The unique control of 

regiochemistry, which has been explained on the basis 

of orbital overlap, yields products resulting from 

predominantly one of the two possible orientations of 

diene and dieneophile (eq 1, 2).le This regioselectivity 

provides perhaps the greatest advantage and yet the 

greatest limitation of the Diels-Alder reaction. We 

have for some time been interested in ways to selectively 

obtain products resulting from the opposite orientation 

(!, ~),which should significantly expand the synthetic 

utility of this process. 
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As.ide from certain of the inverse electron-demand 

reactions, the approaches to the so-called "meta-Diels-

Alder" products C!, ~) have centered on strategies 

which either: 1) convert the normal selectivity pattern 

obtained into the desired product by a second chemical 

process involving rearrangements or bond cleavages; 3 or 

2) constrain the orientation by connecting the diene to 

the dieneophile and performing an intramolecular 

reaction.la,b Although synthetically useful, the 

approaches fail to address the fundamental regiochemical 

problem. We reason there is a need to significantly 

change the nature of the transition state for bond 

construction in order to alter the normal selectivity. 

The effect of lewis acid complexation with the dieneophile 

to both catalyze the cycloaddition and reinforce the 
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normal regioselectivity pattern is now well documented. 

The transition metal catalyzed cyclodimerization of 

certain dienes is also well known~ 4 Particularly the 

dimerization of butadiene to 4~vinylcyclohexene which 

is the industrial precursor to styrene. However, the 

application of this latter approach to synthetically 

desirable dieneophiles is largely unknown. We sought to 

find a diene-metal complex which might react with 

synthetically useful substrates subject to a much different 

steric and electronic bias. With regard to this approach, 

we propose that, at least formally, the solution to 

obtaining the meta-orientation has already been reported 

in one example by some Russian workers in 1972. 5 Their 

work on the reactions of certain iron-diene complexes has 

gone largely unnoticed because of what we feel has been 

the mi sass ignment of the regiochemis.try obtained from a 

catalyzed cycloaddition. 

The chemistry of iron-diene complexes has much 

attention. 6 The work has focused primarily on iron 

tricarbonyl-diene complexes. Among the wealth of 

interesting chemistry observed with these substrates are 

the cycloadditions with acetylenes. 7 ' 8 Crystalline 

intermediates, 2, derived from oxidative addition and 

carbon ... carbon bond formation have in some cases been 

examined by X-ray analysis (.eq 3). 8 Although similar 
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intermediates have been observed in the reaction of the 

iron tricarbonyl derivatives with certain olefins, the 

reductive elimination does not proceed readily with carbon

carbon bond formation to yield the cycloadduct. The 

observed reactions depend largely on the nature of the 

iron catalyst, many of which have not been well 

characterized. 

I + .. .. 
Fe (CQ)3 

5 

In general, reaction of an iron diene complex with 

an olefin gives a mixture of linear dimers, with the 

regiochemistry illustrated by 8, resulting from carbon-
~ 

carbon formation between the 4~position of the diene 

and 3-position of the dieneophile as in 7. Presumably 

B-hydride elimination to give a iron hydride which then 

undergoes reductive elimination to produce ~ (eq 4, Path 

A)$S, 7b, 9 The Russian workers 5 observed that in the 

presence of certain ligands, particularly amines, cycle~ 

adducts were obtained in high yield after the reaction 

had proceeded to relatively low conversion (< 30%). The 

reaction of isoprene (~, R1 = CH 3 , R2 = H) with methyl 

(3) 
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A 
~ ~ R1~X 

CH3 R2 

R~2 
R2 8 

(R3 ~H + .. R, 
1 FeL 3 

H 

6 

x 

R 1~X 7 8 

L= NR2 

9 

acrylate (R3 = co2cH3) was reported to give the product 

resulting from normal para~orientation, methyl 4~methyl

cyclohex-3-ene-carboxylate, based only on boiling point 

d f . . d 10 an re ract1ve 1n ex. Based on the evidence which 

supports Z as an intermediate in the reaction, we propose 

the observed product was of the meta-orientation (~, R1 = 

H, R2 = CH 3 , R3 = co2cH 3). Corroborating evidence has 

recently been reported by French workers reinvestigating 

a nitrogen ligated iron catalyst for butadiene cyclo-

dimerization. Dimerization of piperylene (~, R1 = H, 

R2 = CH 3) gave the cycloadduct ~ (R1 = H, R2 = CH3 , 

X = CH=CHCH 3). 

( 4) 
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We propose to reinvestigate the original Russian 

report as well as other iron catalyst systems to determine 

the correct regio- and stereochemistry from the cyclo 

addi tions of synthetically useful substrates. Regardless 

of the regiochemistry, the correct assignment is 

mechanistically important because of the economic 

~ignificance of metal catalyzed diene cyclodimerization. 4 

The catalyzed cycloadditions will be optimized in terms 

of yield and generality to render these reactions 

synthetically useful. Also, irrespective of the observed 

regiochemistry, these metal catalyzed cycloadditions offer 

through the utilization of metal centered steric effects 

for inducing asymmetry catalyzed asymmetric carbon-carbon 

bond formation is perhaps the most efficient and highly 

sought after form of asymmetric synthesis. The incorporation 

of chiral ligands at the reactive metal center of what 

would seem to be relatively well ordered intermediate 7 

(L = chiral ligand) offers an interesting new approach 

to asymmetric Diels-Alder cycloadditions. 13 Note that 

the 2,3'-bipyridyl ligand was the most effective studied 

by the Russian workers for promoting the cycloaddition 

relative to linear dimerization. 5 Chiral bidentate 

phosphorus and nitrogen ligands are readily available . 14 

Successful development of this methodology should find 

widespread application in organic chemistry for the 
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Fe 
CAr 

II 

R=C~H 11 R=CH 3 
~ ~ 12 __. __. 

R 

~o 
H 

12 

13 

synthesis of stereochemically complex natural products. 

Some potential applications, based totally on speculated 

regio- and stereochemistry, are illustrated in Schemes I 

and II. Addition of piperylene C!2' R = CH3) to cyclo

pentenone to give 11 which has been carried on to 

Pumiliotoxin C 13. The original synthesis of 11 was 

carried out in six steps using an intramolecular 4+2 

1 dd . . 15 eye oa 1t1on. Similarly, reaction of !~ (R = c5H11 J 

might provide, after Beckmann rearrangement, an efficient 

route to lactam ~.? (R = c5H11) which would tie into and 

significantly shorten a recently reported synthesis of 

perhydrogephrotoxin ~~. 16 A simple approach to the ring 

system of some bisabolen sesqueterpene derivatives 15 



-229-

projected from the above mentioned methodology is out~ 

1 ined 'in Scheme I I . 1 7 

Scheme II 

15 X=O; ~-OH 

y 

RO~ 
+ 
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PROPOSITION III 

A convergent approach to the synthesis of the macro

bridged macrocyclic alkaloids ephedradine A, B, C and aphel

andrine is described. The ephedradines, isolated from the 

root of a plant used in oriental folk medicine, possess sign-

ificant hypotensive activity. 

* * * * * * * 

Alkaloids have long been a focal point for organic 

chemists. The intense biological activity and diverse 

structural elements have issued a continual challenge to 

synthetic endeavors and have been inevitably met with a wealth 

of interesting, although not necessarily anticipated, 

chemistry. In light ·of the interest in the macrolide anti

biotics1 and the physiological importance of the polyamines 2 , 

it is surprising that the macrocyclic alkaloids3 (Figure I) 

have only recently begun to receive some attention. 4-6 Of 

particular interest are the bridged bicyclic alkaloids I-~~ 

of which the recently isolated ephedradines7- 9 have been shown 

to possess significant hypotensive activity. 

The ephedradines,isolated from the root of a plant used 

in oriental folk medicine have, as is true with all the 

macro-bridged bicyclic natural product, yet to be addressed 

synthetically. In response to the difficulty of isolation, 
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the promise of biological activity and the interesting new 

ring system, we propose the convergent syntheses of ephed

radine A and aphelandrine. 

Examination of ephedradine A, 7,suggests three subunits, 

I-III (Figure II), which if handled in a convergent sense 

would provide maximum flexibility in thu synthesis of both 

naturally occurring compounds and analogs. These subunits 

define the bond disconnections in a retrosynthetic sense 

and pose three problems which must be addressed in the total 

synthesis : 1) construction of the bridge by a macrocycliza

tion process; 

III 

Figure II 

2) construction of the macrocyclic lactam ring; and 3) 

control of stereochemistry between c17 , c1s, and the remote 
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stereocenter C11. 

Focusing on the carbon-heteroatom bonds,several al-

ternative disconnections are available for formation of the 

macrocyclic bridge (I,Scheme I). One can envision using 

either conjugate addition, N-alkylation or N-acylation to 

form the bridge. Although all of these reactions have been 

used extensively in bimolecular or in five ·and six-membered 

ring forming reactions applied to alkaloid synthesis, only the 

lactam formation has been successfully applied to macro-

cyclization. The two alternative bond disconnections are 

OR 

7 

OR 

: '( 
HN 0 OR N~NH2. 

~N~ 
H 

14 --

==> 
Scheme I 15 --

1a'',,co R 
19 

2 
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outlined in Scheme I. Due to the rather unpredictable con

formational effects in large rings it is not possible to 

predict with any degree of certainty whether closure from 

the 16-membered ring lactam 14 or from the 17-membered 

macrocycle 15 would proceed with graater facility. We prefer 

disconnection D from several lines of reasoning. Proposed 

intermediate ~~ positions the reacting centers C24 and N23 

at the termini of conformationally unconstrained sidechains 

in contrast to 15 where rotational freedom is restricted. The 

natural product I is known from NMR temperature studies to 

exist in several relatively discrete conformations which 

only slowly interconvert at 250c.8 Path B attempts closure on 

to a primary as opposed to the more basic secondary amine. 

OR • ~ -N ~ c19 6 

15 

OR 

Ue Scheme II 7 
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Effecting ~ath B in the synthetic sense would probably 

require blocking both N6 and N10 ,based on limited precedent 

showing roughly equal facility for 8- and 16-membered ring 

formation. 1° Consider the two plausible intramolecular 

closures illustrated in Scheme II. Examination of molecular 

models reveals that in structure 16 derived from c19-N6 

closure ' the hydrogen attached to the c13 interacts strongly 

with the methylene bridge. Thus we propose the cyclization 

of 15 should lead directly to I: Compound 12 should itself 

be available by lactam formation from ~L' as summarized in 

Scheme III. Thesemacrocyclizations can proceed quite well 
4,5 

even with relatively simple reagents. 

0 

15 

Ar 

181111
CO R 
19 

2 

==> 

Scheme III 

17 

Ar 
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The synthesis of 17 embodies the three stereocenters. 

Control of c17 relative to c1g under thermodynamic conditions 

should not be difficult in analogy to work by Jacobson in 
11 

the synthesis of a similar benzodihydrofuran. Stereo-

chemistry at c11 is however, remote and offers no obvious 

alternative for its control in a relative sense. Typically, 

one must either accept the mixture resulting from stereo

random &ynthesis or deal with the construction of each stereo-

center independently and with the proper absolute configura-

tion. Although in the present case,asymmetric synthesis may 

not be warranted from the practical standpoint until more 

information is available on the biological activity of these 

molecules, the broader questions are raised on the synthesis 

of B -amino acids and B -a lkoxy acids which are not conveniently 

prepared by an aldol route. Routes to chiralB -amino acids 
12 focusing on 1,4 addition of a nitrogen nucleophile or 

hydrogenation of N-acyl eneamines have been met with moderate 

success (-60%ee). 13 A different approach would apply the 

highly successful work on 1,4 additions of carbon nucleophiles 

to alkyl substituted a,6 unsaturated . d d . . 14 ac1 er1vat1ves. 

Addition to B-amino substituted derivatives should proceed 

with equal facility ( eq. 1). Hootelle has recently reported 

an example of diastereoselective addition to as-amino 

ketone (eq. 2). 15 Successful developement of 
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this methodology would find extensive application in B

lactam, cyclopeptide and alkaloid synthesis. 

The s-alkoxy acids, illustrated by the benzofuran deriva

tive ~' present different problems (Scheme IV). The 

lability toward a-elimination makes an asymmetric 1,4 

addition of a carbanion quite speculative. Chiral catalysis 

of heteroatom 1,4 addition is in some cases quite success-
16 

ful. These reactions are mechanistically complex and the 

predictive capabilities are as yet quite low. The intra

molecular addition proposed in Scheme IV may provide a good 

system for study of this approach. Studies on natural product 

7 reveal that base catalyzed epimerization apparently does -
not destroy the stereochemistry at the B-carbon. 8 Thus, 

the cis-furan is also a viable synthon for 19. In that _,,_ 

regard, the asymmetric hydrogenation has not been examined. 
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19 

Scheme IV 

A somewhat different approach is outlined in Scheme V. 

Asymmetric cycloproponations using a chiral cobalt catalyst 

has been performed on a limited range of substrates with 

high enantioselection (-88% ee)lI The reaction which shows 

a first order dependence on olefin concentration is unsuc-

cessful with trans-disubstituted olefinse Application of this 

catalytic system in an intramolecular reaction as proposed 

here has yet to be attempted. This potentially could, 

through more favorable kinetics, substantially expand the 
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the scope of substrates for this and related enantio-

selective cyclopropanations. An alternative approach 

would study the effectiveness of chiral mixed malonate £~ 

(X=chiral ester amide) derivatives in the intramolecular 
18 cyclopropanation. Hydrolysis of the lactone, intra~ 

molecular openning of the activated cyclopropane 19, followed 
20 by oxygenation and decarboxylation, should complete a 

versatile enantioselective route to the benzofuran derivatives. 

Developement of these methods should provide ready access 

to a variety of benzofurans, such as the recently syn

thesized heptamethyl lithiospermate11, as well as to other 

furans and pyrans which are important subunits in the poly

etherantibiotics .1 

A synthesis of racemic ephedradine 7 {Scheme Vlj, which .,,. 

tests the notations discussed in· the retrosynthetic analysi~ 

can be pursued concurrent with the proposals for asymmetric 

synthesis discussed above. The synthesis of methylorantine 

and ephedradines B and C should follow analogously. Aphel

andrine has been obtained by epimerization of ephedradine 

A.8 
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Scheme VI. 

a) 1. LDA 2. Ar CHO 3. Acid cat. 4. Hz 5 • Acid cat. 
b) 1. PrSLi 2 . BH 3 3. Cr0 3 4 . Wittig c) RNH 2 
d) 1. NzH4 2. RI 3. NzH4 e) 1. PrSLi 2 e (COC1) 2 
f) 1. Na OH 2 . (COCl)z 
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PROPOSITION IV 

Experiments are described to define the factors which 

control changes in cation binding selectivity as induaed by 

reversible chemical changes in the ligand remote to the 

ligating centers. The ligands serve as simple models for 

selective ion transport catalysis. A simple test for eval

uating chiral ~igands with regard to the complex dissociation 
rate is also described. 

* * * * * * * * * * 

High selectivity has become a central theme in the 

developement of practical chemical processes. One of the 

most widespread approaches for achieving this employs cation 

chelation or complexation. This versatile approach, used 

both in a kinetic or thermodynamic sense, accounts for 

examples of high regioselectivity1 , stereoselectivity2 , 

and chemoselectivity3 , as well as significant rate enhance

ments from kinetic selectivity. 4 These successes in util

izing cation complexation rely intimately on either the 

selectivity in binding one particular cation over others or 
on the efficiency of binding relative to the rate of the 

desired chemical process. The importance of these control 

elements in stoichiometric as well as both enzymatic and 

non-enzymatic catalytic applications has lead us to propose 

a program of research directed toward understanding funda

mentally the factors that control binding selectivity and 
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binding efficiency. 

~i~~i~g-~~!~~!~Y~!r· The interest in ion transport 
and the ionophoric antibiotics has fostered a great deal of 

work toward the developement of acyclic, monocyclic and 

bicyclic synthetic ligands which show high binding selectiv

ity. 5 These studies strongly implicate molecular topography 

as a major factor in ligand binding selectivity. Recent 

attempts to apply these notions to enzyme model systems which 

show allosteric effects have already shown limited success. 6 

These studies demonstrate that complexation can mechanically 
induce a conformational change which measurably effects the 

binding selectivity in remote parts of the ligand. 

We are interested in selective ion transport across 

a liquid membrane controlled by effects other than conform

ational changes. In particular, effects induced by simple 

reversible chemical reactions in remote parts of the ligand, 
yet coupled with changes in the cation binding selectivity. 

The binding of a particular cation is dependent on the rela

tive association and dissociation rates (eq 1). Typically, 

the association rates are quite fast. Thus, metal ion 

selectivity should be effectively controlled by controlling 

the various complex-dissociation rates. 

+ L 
K assoc 

Kd. lSSOC 

(1) 

Toward realizing this type of selectivity, we propose 

the study of ion transport from an acid phase through a 
7 liquid membrane to a basic phase as described by eq 2. 

Ethers ! and ~ provide simple substrates which embody the 
features we wish to examine as control elements for selective 

binding. Both ligands should be readily available using 

standard crown ther synthesis methodology and commercially 

available starting materials.Sb Based on limited literature 
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precedents, each retains the feature that simple protonation 

or deprotonation should significantly change the binding 

characteristics. Ligand ! affords a neutral complex upon 

2 

' 
M+ kl 

(M1 L) (M
1 

L) + kl M+ ~ ~ 1 ~ 
~ 1 

k' k -1 -1 
+ liquid 

basic <---------} acidic + L (2) membrane 
k' kz 

M+ -1. (M
2

L)+ (M
2 
L) ~ M+ 

2 ~ ~ 

k_z k 2 
-2 

deprotonation and a charged complex under acidic conditions. 8 

Ligand ~ attempts to exploit an electronic charge at a re

mote ligating oxygen upon protonation. 5a 

Thus the experiments (eq 2) hope to realize selective 

transport of one particular ion, perhaps potassium, by the 

protonated catalyst from an acidic solution to a basic sol

ution and selective removal of a different cation, perhaps 

sodium, by the deprotonated catalyst from the basic solution 



-252-

to the acidic solution. Thus, reinforcing modes of selec-

tive ion transport will be driven simply by the difference 

in pH of the two isolates bulk solutions. The nature of ion 

transport and the control factors are indeed q~ite cornpli

catedo It is hoped that the information gained from simple 

model systems such as these will aid in designing more corn-

plex and efficient catalysts. 

Binding efficiency has been ex-

tensively examined. The data primarily deals with the 

thermodynamic stability of metal complexes although some 

competitive binding studies and limited kinetic data are 

also available. We are interested in the lifetime of cer-

tain metal complexes relative to a subsequent · reaction of 

that complex. That is to say not just the thermodynamic 

stability, which reflects the difference in association and 

dissociation rates, but rather the magnitude of the dis

sociation rate relative to the rate of a subsequent chemical 

reaction. The problem is illustrated by the enantioselective 

reaction of an organometallic reagent with a ketone or al-

dehyde. Potentially one of the most useful approaches 

employs a chiral ligand to complex the organometallic reagent 

prior to carbonyl addition. The problem involves two indepen-

dent stips as illustrated in eq 3 l)The rate of complex 

dissociation relative to carbonyl addition. 2) The enantio

selectivity of carbonyl addition. Present approaches to this 
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problem consider only the thermodynamics of complexation and 

the analysis of the final product. 

R 
R Rl.>=o 
R~OH < 2 RM + L* y non-
R2 selective 

K assoc,,._ 
~ 

Kdissoc 

(RML) * 
Rl)= 
R 0 

2 > ( 3) 
selective 

We would like to propose a simple test for evaluating, 

at least in a relative sense, the efficiency of a chiral 

catalyst for the conplexation step. It is known that depend-

ing on the substituents, certain organometallic (alkyl

lithium or grignard) reagents are configurationally stable 
9 10 at low temperature. ' Complexation should weaken the metal-

carbon bond and significantly lower the inversion barrier. 

Thus, as illustrated in eq 4, facile inversion at the carban-

ionic center of a complexed organometallic would indicate a 

high barrier to complex dissociation and hence a successful 

catalyst. Techniques for the preparation of asymmetric 

carbanions have recently become available. 9 We propose to 
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Rl Rl l I R c '11 R3 ___.....c~ 3 
M/~R •• Rz 

2 

f K 

H assoc * (LM) + + ~. 

Kdissoc 

Rl R 
l R{t11~ 

R \ ,~............_M 
..;;/ '· 3 R R • 

2 2 

study the catalyzed inversion process which should be con-

veniently monitored by NMR. Systematic analysis by this 

technique should significantly aid in defining the impor-

tant design features for efficient chiral catalysis for 

this and similar chemical processes. 

(4) 
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PROPOSITION V. 

An approach to the synthesis of asteltoxin, a mycotoxin 

produced by Aspergillus stelatus, is described. All stereo-

centers are efficiently controlled relative to the c3 
carbinol. 

* * * * * * * 

Mycotoxins are produced by the action of certain fungi 

during the spoiling of foodstuffs. The widespread occurrence, 

acute toxicity and high carcinogenicity of this class of 

compounds has elicited a considerable amount of biological 

and pharmacological interest. The synthetic interest has 

been as yet relatively limited. 1 ' 2 Herein we propose the 

synthesis of asteltoxin, (!), a mycotoxin recently isolated 

from Aspergillus stellatus. 3 

Asteltoxin,(~), possess structural features similar to 

the more common aflatoxins. The cis fused bis furan is unique 

only by virtue of the methyl group at the ring fusion. As in 

the aflatoxins, the ring system is highly oxygenated. Finally, 

the a-pyrone is reminiscent of the coumarin ring system 

common to the aflatoxins. 
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Scheme I. 

OMe 

H 

0 

x 
+ OMe 

0 

2 3 

HO CHO OH 
s 

C02R 
;.-

OH OH 

4 

A partial retrosynthetic analysis is illustrated in 

Scheme I. Disconnection at the ~ 8 _ 9 double bond leads to 

synthons ~and 3. Subunit 2 embodies the six stereocenters 

of asteltoxin. Analysis of the deketalized form 4 shows the 

complexity of the stereochemical problems. The bicyclo(3.3.0) 

ring system should, however, ensure the cis ring fusiono 
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Further, the nature of the ring system should permit control 

of the stereochemistry at c6 and c7 after cyclization. The 

fully substituted carbons at c4 and CS are then the pivotal 

points in the stereochemical analysis of asteltoxin. The 

synthesis of subunit 2 focusing on the control of stereo-

chemistry at c4 and CS is outlined in Scheme II. 

Starting lactone 5 should be readily available by 

condensation of ethyl propionate with the corresponding a

hydroxyaldehyde followed by lactonization and oxidation. 

Alkylation of ~with a chloromethylalkylether should proceed 

with high selectivity to give ~· Early work by Stork4 and 

more recently by Robin has demonstrated high efficiency in 

diastereoselection induced by a stereocenter endocyclic to 

the reacting center such as at c3. Two potential aberrant 

reaction pathways yet remain. Double deprotonation of ~ would 

afford a furan dianion which should be somewhat stabilized 

due to aromatization. The stability of similar potential 

furan precursors in the presence of stabilized carbanions 
6 suggests aromatization should not be a problem. More serious 

is the question of C- vs. 0- alkylation. This has been 

addressed in a number of amibident systems,and conditions which 

generally favor C-alkylation have been defined. 7 

Addition of methyl grignard to keto-lactone ~ should 

proceed with both high chemo- and stereoselectivity. Addition 



-260-

Scheme II 
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to the ketone carbonyl is favored both on electronic grounds 

and due to the least hindered steric approach. 8 This latter 

effect should also induce the proper stereochemistry at c4 
relative to c3. These types of 1,2 .diastereoselection are 

well known and one might reasonably expect nucleophilic add-

ition to keto-lactone Q to show higher induction than the more 

conformationally mobile cyclopentanone derivative. 9 One 

potential problem involves base catalyzed fragmentation10 of 

7, but this reaction usually requires somewhat elevated 

temperatures. It is desirable to avoid protection of the c4 
tertiary hydroxyl due to the steric hindrance at that position. 

Deprotection, elaboration of the hydroxy-methyl side 

chain, half-reduction of the lactone, qnd cyclization should 

give dihydrofuran ~· Hydrogenation from the least sterically 

encumbered B-face11 should afford subunit 2. 

Completion of the synthesis is illustrated in Scheme III. 

Wittig olefination and conversion of the ester to an aldehyde 

affords 11. Addtion of the a-pyrone anion 1~ followed 

by elimination completes the synthesis. The a-pyrone should 

be readily available by cyclization of the corresponding 1,3,5 

tricarbonyl derivative in acidic methanoi. 12 
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